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CORRECTION 


Vol. 32, p. 123. The following heading should appear at the upper left of the page, above 
“‘Apotheciis erumpentibus. . .” 


Durandiella alni sp. nov. (Figs. 8, 21, 32) 


Eprtor’s Note: The above heading appeared in the manuscript and galley proof of the 
paper but was omitted in the final printing. 
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EFFECT OF AGE OF POTATO FOLIAGE ON EXPRESSION OF 
LEAF-ROLL SYMPTOMS! 


By T. R. DAvripsoN AND G. B. SANFORD? 


Abstract 


In an extensive experiment conducted under field conditions during four 
successive years, the symptoms of leaf roll of potatoes, as expressed by potato 
plants of various ages, were studied. Healthy plants of the varieties Netted 
Gem, Carter’s Early Favorite, and Canus were graft-inoculated with infected 
scions from Canus at 10-day intervals from June 10 to September 15 and 
protected from viruliferous aphids by a lethal spray applied frequently. Infection 
of the plants was verified by the tuber-index method. On young plants leaf-roll 
symptoms were regularly severe and a high percentage of plants became infected. 
However, the severity of foliage symptoms and also the percentage of plants 
infected gradually decreased until about August 15. After this date the infected 
plants were healthy in appearance but the percentage of them actually infected 
continued to decline sharply. The data presented show that potato plants 
infected by the leaf-roll virus after midseason normally do not develop definite 
foliage symptoms of the leaf-roll disease and, therefore, cannot be detected by 
ordinary field inspection. 


Introduction 


Leaf roll is recognized as one of the most destructive virus diseases of the 
potato plant. The symptoms, as expressed by the tuber and vine, have been 
described in considerable detail by many workers, including Quanjer (6), 
Orton (5), Schultz and Folsom (8), and Gilbert (3). Quanjer (7) and others 
have reported that during the first year of infection the plants may develop 
severe symptoms, while other plants show only mild symptoms of disease. 
Also the terms ‘primary’ and ‘secondary’ symptoms have been employed to 
distinguish between the symptoms which were evident the first year and those 
which developed the following season. In view of the experimental results 
which are presented in this report, these terms do not seem necessary or 
appropriate. 

Observational evidence has indicated that it is very difficult or impossible 
to detect leaf-roll symptoms following infection during August or later. Also 
purchasers of certified seed potatoes have complained for many years about 


1 Manuscript received November 6, 1953. 
Contribution No. 1326 from the Botany and Plant Pathology Division, Science Service, 
Department of Agriculture, Ottawa, Canada. 
2 Associate Plant Pathologist and Pathologist-in-Charge, Plant Pathology Laboratory, 
Edmonton, Alberta. 


[The January number of this Journal (Can. J. Botany, 32 : 1-309. 1954) was issued 
February 15, 1954.] 
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the amount of leaf-roll plants that sometimes develop from certified seed 
potato stock. It now appears that this unrecognized infection is due to 
viruliferous insect vectors inoculating the plants too late in the season for 
definite vine symptoms to develop. For these reasons the need for more 
experimental data than have been available was obvious. Also, it is evident 
that these data should be secured under normal light intensity and temperature 
conditions in ordinary field culture. 

In 1930, Whitehead and Currie (9) provided interesting information on the 
appearance of foliage symptoms in relation to age of the plant when it was 
invaded by the leaf-roll virus, but their experiments were carried out under 
greenhouse conditions of light and temperature. Potato plants of various 
ages were infected with the leaf-roll virus and grown in 6-in. plant pots. The 
vector used was Myzus persicae Sulcz. These investigators reported that 
plants eight weeks old, or less, developed severe symptoms and older ones 
showed only initial stages of the disease or no definite signs. In the present: 
paper, the experimental data secured from a study during four successive 
years of the expression of leaf-roll symptoms on the potato vines grown under 
normal field conditions at Edmonton, Canada, are presented. 


Materials and Methods 


Single-eye sets of the varieties Netted Gem, Canus, and Carter’s Early 
Favorite were planted in a tuber unit system in the field, about May 15. 
In 1952 only the Netted Gem variety was planted. The plants emerged about 
June 15. Units that had abnormal plants were promptly removed. Only 
one shoot was allowed to develop from a set so that all tubers produced by a 
plant were borne on the same stalk. Therefore, the possibility of healthy and 
infected tubers being in the same hill was practically eliminated. 

In order to control insect vectors of leaf roll, the upper and lower leaf 
surfaces of all test plants were thoroughly sprayed at weekly intervals from 
the time of emergence to harvest with a mixture of DDT, 50% wettable, and 
Nifos-T (40%, tetraethyl pyrophosphate). The spray was applied at a 
pressure of 150 p.p.i. with a hand operated, barrel-type sprayer. The plants 
were frequently and carefully inspected for aphis infestation. Although a 
few vectors were found on the occasional plant during the latter part of the 
season, satisfactory protection, as consistently shown by the control plants, 
was afforded by the spray used. 

The leaf-roll virus was transmitted to the test plants by graft inoculation. 
This method was reasonably effective, simple, and easily controlled. The 
scions were cut from the apical shoots of plants grown from tubers of the 
Canus variety previously indexed and known to carry the virus. In this 
variety the terminal shoots remain relatively normal longer in the season than 
they do in Netted Gem and Carter’s Early Favorite. All but one or two 
small leaves near the growing point were removed from the scion. The scion, 
about 13 inches long and cut wedge-shaped, was inserted into a longitudinal 
cut made in an actively growing stem of the experimental plant. It was 
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firmly bound in place by a narrow strip of rubber dental dam fastened with 
rubber patching cement. The rubber disintegrated about a week later and 
permitted free growth of the scion. 

Thirty plants of each variety were graft-inoculated at 10-day intervals 
from mid-June to early September. In 1949, seven series of grafts were made, 
beginning June 25, when the plants were about four inches high. Eight series 
were grafted in 1950 and nine in 1951, beginning June 15 each year. Some of 
the plants had barely appeared above ground at this time and none of them 
was more than one inch in height. In 1950 one series of grafts was made on 
June 5 in the greenhouse on sprouts about four inches long. These were 
transplanted to the field 10 days later. In 1952 the test was limited to the 
variety Netted Gem. Seven periodic inoculations were made beginning 
June 5. These graft-inoculated plants were examined frequently during the 
season and notes taken on whether or not the scions lived and of any leaf-roll 
symptoms that developed on the plants. 

During late September, after the vines had been killed by a frost, the tubers 
from each plant were dug and stored in a root cellar at a temperature between 
36° and 40°F. During early February the tubers were rated for phloem 
necrosis and indexed in the greenhouse to detect leaf-roll infection. The sets 
were spaced about three inches each way in ordinary flats. The temperature 
was between 65° and 70° F., which, according to Felton (2), is ideal for the 
development of foliage symptoms of leaf-roll. These could be detected with 
certainty about 10 days to two weeks after the plants emerged. 


Experimental Results 


The results of the various experiments are presented in Table I. The data 
follow closely the same general pattern for all varieties in each of the four 
years of test. A comparison was made of the data based on vine symptoms 
of leaf roll visible during the season the plants were inoculated with those 
obtained from tuber-index tests made the following season. The data obtained 
from these tuber-index tests reveal the percentage of infection secured. About 
100% infection was obtained from the earliest graftings and the symptoms 
were severe, but, in general, the percentage of plants infected greatly decreased 
with each successive inoculation, and the symptoms also became less severe, 
and finally disappeared. (Table I and Fig. 1.) 

Evidence of infection, which was shown by a slight folding of the leaves 
of the apical shoot, first appeared in Netted Gem and Carter’s Early Favorite 
about one month after inoculation. In contrast, the first symptom on Canus, 
which was a curling of the lower leaves instead of those on the apical shoot, 
did not appear until six weeks after inoculation. In Canus no symptoms 
could be detected if the inoculation occurred after July 25, but in Netted Gem 
and Carter’s Early Favorite slight symptoms were noted in plants infected 
as late as August 15. However, in all varieties, the percentage of plants 
visibly infected decreased sharply following inoculations made after August 5, 
and vine symptoms were confined to a slight rolling of some leaves of the 
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apical shoot. In a few instances the virus reached the tubers of plants 
inoculated as late as September 5. Evidently the virus could be transferred 
very readily to the plants by the grafting technique, but successful transfer 
was more difficult as the plants became older. 

The decline of the average percentage of infection for each of three varieties, 
as based on the annual tuber-index tests during four years for Netted Gem 
and three years for Canus and Carter’s Early Favorite, is illustrated in Fig. 1 
from data presented in Table I. A sharp but regular decline in the percentage 
of plants infected, after being inoculated August 15, is shown for all three 
varieties. However, prior to that date the decline in infection was fairly 


TABLE I 
PERCENTAGE OF POTATO PLANTS SHOWING LEAF-ROLL SYMPTOMS IN RELATION TO AGE WHEN 
INOCULATED 
Plants inoculated 
Year Variety* Symptoms** June July August Sept. | Checks 

1949 N.G. Vine 80 76 76 61 0 
Index —- — 70 76 76 71 89 79 30 _ 2 
Vine — 67 82 94 33 0 
Index —_- — 67 91 94 67 81 93 — _ 0 
CEP. Vine — 75 90 58 60 30 27 0 
Index _-_-_ _ 71 95 62 80 89 87 30 _ 0 
1950 N.G. Vine 97 100 9% 86 80 57 47 10 0O _ 0 
Index 97 100 86 80 68 73 0 
Cc. Vine 83 100 97 76 89 26 0 _ 0 
Index 90 100 97 90 94 59 50 61 32 _ 0 
C.E.F, Vine 75 96 87 86 39 48 @ 0 
Index 79 96 87 90 56 79 70 60 30 _ 3 
1951***) N.G. Vine — 100 94 88 8 69 0 Oo 0 0 0 
Index — 100 94 88 8 85 75 83 57 4 1 
cS. Vine — 100 100 70 14 63 0 oO 0 0 0 
Index — 100 100 70 14 #74 53 67 47 29 2 
C.E.F. Vine 7 79 82 30 68 0 0 0 
Index — 7 79 89 30 96 25 87 SO 17 1 
1952 N.G. Vine 100 90 79 20 0 0 
Index 100 97 82 80 68 57 0 4 


* N.G., Netted Gem; C., Canus; C.E.F., Carter's Early Favorite. 
** Symptoms on foliage following inoculation and on foliage of tuber progeny, respectively. 
*** Tow infection of July 15, 1951, could have been caused by premature death of scions used. 
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PERCENT INFECTED 


NETTED GEM (4-vr.av.) 


20 CANUS (3° YR.AV.) -<--- 
CARTER'S EARLY FAVORITE 
(3-YR.avV.) 
10 
5 15 25, 5 15 25 5 5 35 5 
JUNE JULY AUGUST SEPT. 


DATE PLANTS INOCULATED 


Fic. 1. Infection of healthy potato plants by the leaf-roll virus in relation to age of 
plant, as verified by tuber-index tests. (Symptoms on foliage of grafted plants were 
indefinite to absent after about August 10. See context.) 


regular and gradual for Netted Gem, somewhat less so for Canus, but distinctly 
irregular for Carter's Early Favorite. No definite explanation for these 
differences is available from the data obtained. The variety Netted Gem 
matures late, in contrast to Carter’s Early Favorite, while Canus matures 
somewhat earlier than does Netted Gem. 

Each year 100 plants of each variety included in the test were grown as 
controls in rows adjacent to the inoculated plants. Leaf-roll symptoms were 
never detected in any of these plants in the field, but tuber-unit index results 
(Table I) reveal that an occasional plant became infected by stray viruliferous 
insects that escaped the spray treatment. 
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Discussion 


According to the data presented in Table I the foliage symptoms of potato 
leaf-roll infection in the field may or may not be definite, depending upon the 
age of the plant when infection occurred. Plants infected when young 
produced very severe and definite symptoms. These symptoms gradually 
decreased in severity in plants inoculated at an older stage of growth. When 
the plants were inoculated after August 1, the virus was successfully trans- 
ferred to many plants and reached their tubers, but the vine symptoms were 
restricted to a minor cupping of the basal margins of the leaves on the apical 
shoot. From the later inoculations no visible symptoms developed. In 
this connection it is emphasized that similar malformation of the leaves of 
the apical shoot may also be caused by other agents. However, when tubers 
from these apparently healthy but nevertheless infected plants were indexed 
in the greenhouse the following year, unmistakable symptoms appeared on 
the foliage of the resulting plants about 15 days after their emergence. The 
data in Table I show that as high as 90% infection was sometimes obtained 
from late-season graft inoculation, despite the fact that no visible vine symp- 
toms had developed on the infected plants. However, the percentage infection 
of plants inoculated late in the season usually was much lower than this. 
The data obtained (Table I and Fig. 1) do not reveal whether this downward 
trend is a result of temperature gradient, such as Kassanis (4) found for other 
viruses, or associated with anatomical or other changes in the hosts tested. 
There are at least two questions that remain to be determined, namely, why 
do the older infected plants not develop the characteristic vine symptoms of 
leaf roll, and also, why do more and more of them escape infection as they get 
older. In view of the failure of definite vine symptoms to develop from late 
infection, it is not surprising that certified seed stocks are sometimes found to 
have a percentage of plants infected with the leaf-roll virus. 

This study clearly shows that all the visible symptoms of leaf roll, ranging 
from very severe to very mild, can be produced by infecting the plant at 
different stages of growth. Obviously, all these symptoms are a result of 
initial or primary infection of healthy plants. In this respect they are not 
essentially different from the range of symptoms produced by other plant 
pathogens in other hosts. The fact that tuber phloem necrosis, as caused by 
the leaf-roll virus, is restricted to the initial infection of healthy plants does 
not seem to warrant the use of the term ‘primary’ infection. Moreover, it 
does not appear necessary, in this instance at least, to speak of primary and 
secondary symptoms, because there is only one infection, and the severity 
and range of symptoms which follow merely depend upon the age of the plant 
when it is infected, and perhaps to some extent upon the environment. 

In Alberta, the insect vectors of the leaf-roll virus normally do not become 
prevalent in the fields until late in July (1). The data in Table I show that 
this is usually too late in the season for infection resulting from the activities 
of these vectors to produce recognizable symptoms on the foliage. It is 


DAVIDSON AND SANFORD: POTATO LEAF ROLL 317 


thus possible that viruliferous aphids from nearby potato fields or from occa- 
sional leaf-roll plants in the field could infect healthy plants nearby and yet 
there would be no visible evidence of this disease on the vines. Indeed, it is 
probable that most, if not all, of the obvious leaf-roll plants seen in potato 
fields in Alberta are the progeny of plants infected the previous year. This 
important conclusion seems warranted by the experimental data presented. 
Whether or not the vine symptoms of leaf roll develop perceptibly sooner from 
insect than from graft inoculation remains to be demonstrated. 

Certainly field inspection alone cannot be depended upon to ensure that all 
potato plants and their tubers are free from the leaf-roll virus. However, the 
data in Table I show that plants produced from infected tubers will very 
definitely reveal the presence of the leaf-roll virus. But this detection poses 
important economic problems of space, time, and facilities required because it 
means that a statistically significant sample of the tubers from the field 
inspected must be planted in a field or greenhouse for observation 
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THE EFFECT OF THE INTENSITY OF ARTIFICIAL LIGHT ON 
THE GROWTH OF CEREALS! 


By F. GFELLER AND C. H. GouLDEN? 


Abstract 


Successful crops of wheat, oats, and barley were produced in a growth chamber 
in 60 days with light from fluorescent and incandescent bulbs at an intensity of 
1200 to 1500 candle power. Full light was used for 18 hr. per day and a low 
intensity of incandescent light for the remaining six hour period. The experi- 
ments indicated that the light requirement of the oat crop is somewhat higher 
than for wheat and barley. 


Introduction 


There is a great deal of interest at present among plant breeders in the 
practicability of growing hybrid populations in growth chambers where there 
is close control over light intensity and duration. In this paper, preliminary 
results obtained in the growing of cereals under artificial light are reported 
which may be of value to others in the construction of growth chambers. 


Materials and Methods 


Two experiments were conducted using Larain oats and Saunders wheat in 
the first experiment and in the second experiment adding Montcalm barley. 
In the first experiment, the bench was divided into three sections receiving 
light intensities of 300, 800, and 1200 candle power as measured at the crop 
level and about 2 ft. from the lights. In the second experiment, the intensities 
were 500, 1000, and 1500 candle power. Light was obtained from 8 ft. 
slimline fluorescent bulbs plus six 40 watt incandescent bulbs to supplement 
the red end of the spectrum. ' Full light was used for 18 hr. per day and the 
incandescent only for the remaining six hours. Throughout the experiment 
the temperature varied between 73° F. and 76° F. and at no time was there 
a difference of more than 2° F. between sections receiving different light 
intensities. Refrigerated air was used to contol the temperature. It was 
forced by a fan past the refrigerating coils and an additional oscillating fan 
in the room kept the air circulating freely. In both experiments six pots each 
containing five to six plants were grown of each variety in each section. 

Results were judged by rate of maturity, total number of heads, seed set 


per head, percentage fertility per head, and the weight and maturity of the 
seed samples. 


Results 


The data on number of heads, seed set per head, and percentage fertility per 
head are given in Table I. With respect to seed set per head and percentage 
fertility, there was a distinct improvement with increasing light intensity. 


1 Manuscript received November 10, 1953. 


_ Contribution No. 177, Cereal Crops Division, Experimental Farms Service, Department of 
Agriculture, Ottawa. 


2 Senior Cerealist and Chief, Cereal Crops Division, respectively. 
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Fic. 1. Larain oats grown at three levels of light intensity and graduated tubes showing 
the relative vields of seed. 
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At the highest level of intensity Saunders wheat and Montcalm barley 
approached maximum percentage fertility. The reaction of Larain oats 
indicates that there might be further improvement in fertility at light inten- 
sities greater than 1500 c.p. but growth and seed production were normal at 
this intensity and a very satisfactory crop of good seed was obtained. Fig. 1 
illustrates clearly the results with Larain oats. 

The time from seeding to heading for all crops was approximately 30 days, 
but at the lower light intensities heading was delayed about 7 days and at 
60 days when the crop was harvested it had not reached full maturity. 


TABLE I 


SEED SET AND PERCENT FERTILITY PER HEAD OF OATS, WHEAT, AND BARLEY GROWN UNDER 


ARTIFICIAL LIGHT AT DIFFERENT INTENSITIES 


Light Number of heads | Seed set per head Percentage 
fertility per head 
intensity, 
Crop in foot candles 
Expt. 1 | Expt. 2 | Expt. 1 | Expt. 2 | Expt. 1 | Expt. 2 
Larain oats 300-500 23 35 0.2 2.4 4.5 16.4 
800-1000 29 36 7.3 6.2 35.2 38.6 
- a 1200-1500 26 35 20.6 20.4 61.3 69.4 
Saunders wheat 300-500 29 32 14.4 12.0 69.4 77.0 
+ = 800-1000 30 32 20.4 18.2 96.5 86.5 
1200-1500 30 36 23.5 18.1 97.6 94.0 
Montcalm barley -500 32 21.7 80.1 
-1000 27 25.8 84.8 
—1500 29 31.7 92.9 


* Barley was not grown in the first series of experiments. 
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EFFECT OF GASEOUS ENVIRONMENT AND TEMPERATURE ON 


ASCOSPORE FORMATION IN SACCHAROMYCES CEREVISIAE 
HANSEN! 


By A. M. Apams? AND J. J. MILLER® 


Abstract 


The effect on ascospore formation in bakers’ yeast of varying degrees of 
aeration and of oxygen, carbon dioxide, and nitrogen individually and in mixtures 
was studied. In the absence of carbon dioxide, ascospore formation was stimu- 
lated by concentrations of oxygen up to 12.0% but was depressed slightly at 
41.1% and more so at 68.8% and at 100%. Carbon dioxide inhibited ascospore 
formation; very few were found when the carbon dioxide concentration was 25% 
or greater. Oxygen did not overcome the inhibitory effect of carbon dioxide. 
Ethyl alcohol vapor so markedly inhibited sporulation that ascospores were 
rarely observed in cultures exposed to the vapor from a 5% solution of ethyl 
alcohol. Ascospore formation was observed at temperatures from 3.0 to 
33.3° C. Of two strains studied in one experiment, one showed highest 
sporulation at 24.0° C. and the other at 27.5° C. Cells exposed for 14 days to 
temperatures of 2.5, —3.5, and —18.0°C., and cells multiplied at 37.5°C., 
showed reduced sporulation at room temperature. 


Introduction 


Ascospore formation, or “sporulation’”’ as it is commonly termed in the 
yeast literature, has become a particularly important process owing to the 
current interest in yeast genetics. Ina study of the genetics of yeast, a supply 
of ascospores is of first importance. A better understanding of the effect of 
environment on ascospore formation would assist materially in taxonomic 
studies as well as in providing ascospores for genetic investigations. 

The influence on ascospore formation in yeast of such factors as aeration 
and the nature of the gas in contact with cultures has been little studied. 
Hansen (5, 6) stated that “air” was required if ascospore formation was to 
occur and this statement is found repeatedly in the literature. Slator (13) 
showed that only a small amount of air was necessary for sporulation when he 
introduced 1 cm. of air pressure to ‘‘carefully exhausted’’ tubes containing 
vegetative cells in “‘slightly acidified water (0.2% phosphoric acid neutralized 
with potassium hydroxide to give a pH value of 5-6)’’, and subsequently 
observed ascospores in the solution. No asci were produced in a similar 
solution containing cells incubated im vacuo. Stantial (14) found that cells 
in test tubes containing liquid sporulation medium yielded higher percentages 
of ascospores when the cultures were aerated by rocking. Elder (4) later 
showed that a small volume of culture suspension in an Erlenmeyer flask 
(where considerable surface area existed) gave yields of asci comparable to those 
obtained in a rocked tube culture. Maneval (11) and Lindegren and Hamilton 


1 Manuscript received July 10, 1953. 

Contribution from the Department of Biology, McMaster University, Hamilton, Canada. 
Excerpts from a thesis presented in May, 1952, to McMaster University in partial fulfillment of 
the requirements for the degree of Doctor of Philosophy. 

2 At the time, graduate student in the Department of Botany, McMaster University; now 
Associate in Research, Horticultural Products Laboratory, Vineland Station, Ontario. 
3 Associate Professor of Botany. 
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(9) found ascospores in the outer parts of yeast cakes and yeast colonies, 
respectively, where better aeration of cells would occur. It is interesting to 
note that mixtures of air and ethyl alcohol vapor, and of air and carbon dioxide, 
exert an inhibitory effect on ascospore formation according to Bright et a/. (3). 
Thus the observations of Maneval, and of Lindegren and Hamilton, might 
possibly be explained on the basis of inhibition by carbon dioxide of sporulation 
within yeast cakes and colonies. 

The effect of temperature on ascospore formation in yeast has not been 
intensively investigated. Hansen (5), in 1883, observed spores in Saccharo- 
myces pastorianus II Hansen, at 3°C., but not below 8° C. with a strain 
of S. cerevisiae, nor below 7.5° C. witha strain of S. ellipsoideus. Lafar (8) 
reported the work of several investigators who determined the minimum 
temperature of ascospore formation in different yeasts. This temperature 
was usually above 13°C. for bottom fermentation species. According to 
Lafar, however, Will observed ascospores in a Saccharomyces strain at 8° C., 
and at 3° C., after 28 days, in a haze-forming yeast. Guilliermond, according 
to Phaff and Mrak (12), reported in 1928 a minimum temperature of 0.5 to 
3.0°C. for S. pastorianus with a maximum of 30.5 to 31.5° C. and an 
optimum of 27.5°C. 

In the present study, the influence on ascospore formation of various 
degrees of aeration, of gas mixtures, and of different temperatures has been 
investigated. 

Materials and Methods 


The term “sporulation medium”’ refers to any medium employed to stimu- 
late ascospore formation by yeast cells, and ‘“‘presporulation medium”’ refers 
to any medium in which cells are multiplied previous to transfer to sporulation 
medium. 

Sporulation media employed were: (a) A liquid sporulation medium, 
prepared by dissolving 0.04% dextrose and 0.14% anhydrous sodium acetate 
in distilled water. (This medium, which will be referred to as acetate—dextrose 
solution, is essentially the same as that employed by Elder.) (6) A solid 
sporulation medium (to be referred to as acetate-dextrose agar) prepared by 
adding 2% agar to (a). (c) Water agar, prepared by the addition of 2% agar 
(Difco) to distilled water. Beijerinck (2) used a similar agar and (c) is 
presumed to be comparable to it. Water agar was used as a control medium, 
but since ascospores rarely developed on it, no further mention of results with 
this medium will be made. All media were sterilized in an autoclave under 
15 lb. steam pressure for 20 min. The presporulation media were: (a) Nut- 
rient agar (Difco), to which was added 5% dextrose and 0.5% tartaric acid. 
The tartaric acid was added as a 10% sterile solution to the dextrose nutrient 
agar after sterilization and just prior to its use either in petri dishes or test 
tubes. (b) A medium composed of 2% agar and commercial grape juice, the 
latter containing approximately 5% sugar. 

The yeast cultures employed were isolated from samples of commercial 
bakers’ yeast. These isolates were studied taxonomically and identified as 
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belonging to Saccharomyces cerevisiae Hansen, as described by Lodder 
and Kreger-Van Rij (10). Stock cultures were prepared and maintained in 
the following manner: transfers of each strain were made in duplicate to 
grape juice agar slants, and, after 48 hr. at room temperature, sterile paraffin 
oil was added to one group and all were stored at 5° C. Henry (7) found that 
such “‘oil cultures” remained viable for 10 years apparently with no change in 
physiological behavior. 

Unless otherwise stated, the percentage of cells containing ascospores in a 
culture on acetate—-dextrose agar was estimated by examining microscopically 
a minimum of 400 cells in an aqueous suspension prepared by adding sterile 
water to the culture slant, and with a wire loop freeing the cells from the agar 
surface. When cultures in acetate-dextrose solution were prepared, the cell 
numbers were adjusted to approximately one million per ml. by means of a 
Neubauer counting chamber. Acetate-dextrose agar cultures were prepared 
according to the method previously described by Adams (1). In that method 
the vegetative cells were subcultured twice on a presporulation medium and 
then transferred from 24—48 hr. cultures directly, by means of a wire loop, to 
the surface of the acetate—dextrose agar slants. 


Experimental 


In some preliminary experiments, cells were smeared or flooded on acetate— 
dextrose agar surfaces in petri dishes, and cover slips were then placed on the 
agar. Observing these cells beneath the cover glasses, it was seen that in 
plates containing high cell concentrations, very few, if any, ascospores were 
formed; but at the lower concentrations ascospore formation did occur, 
although less than where the cells were exposed to air. When ascospores did 
develop beneath the cover glasses they were more abundant at the edges. 


This suggested that ascospore formation was governed by the availability of 
air. 


Ascospore Formation in Acetate—Dextrose Solution Under Varying Conditions of 
Aeration 


Employing approximately 1,000,000 cells per ml. of solution, liquid sporula- 
tion cultures were prepared in vials (4 ml. capacity, 15 mm. X 45 mm.) toa 
uniform depth of 5 mm. Ten vials fitted with screw caps were allowed to 
stand at room temperature (not tightly sealed so as to allow gaseous exchange). 
Ten similar vials were tightly closed to restrict aeration to the air contained . 
in the vials. Sterile paraffin oil was layered on the medium in 10 additional 
vials to prevent aeration of the cultures. 

Five cultures of each series were examined after seven days’ incubation and 
the remaining five vials of each series were examined after 14 days’ uninterrup- 
ted incubation. The yield of ascospores from the three series of vials is shown 
in Table I. Highest yields were obtained from those vials not tightly capped. 
Statistical analysis showed that no real difference existed between the per- 
centages of asci after 14 days in Series 2 and Series 3. However, a significant 
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TABLE I 
| COMPARATIVE EFFECT ON ASCOSPORE FORMATION OF VARYING CONDITIONS OF AERATION 
Time of 
Individual vial yields Standard 
1 Not airtight 7 49 44 48 52 45 47.6 1.3 } 
14 66 70 77 S57 70 68.0 3:3 H 
2 Airtight 7 33 24 10 24 13 20.8 4.1 
3 Airtight plus paraf- 7 10.4 0.5 
fin oil 14 233 2 15 32 22.8 3.1 i 


difference did exist between Series 1 and both otherseries. It isevident that 
when aeration of sporulation cultures was interfered with, ascospore forma- 
tion was decreased. This may be because one or more components of air are 
required for ascospore formation, or because some substance produced by the 
cells and prevented from escaping by the paraffin oil and the tightly screwed 
caps inhibited sporulation in this experiment. 


TABLE II 


EFFECT OF FOUR GASEOUS ENVIRONMENTS ON ASCOSPORE FORMATION BY THREE YEAST STRAINS 
IN ACETATE—DEXTROSE SOLUTION AFTER 14 DAYS AT ROOM TEMPERATURE 


Yeast Incubation atmosphere Percentage of asci Mean ae 
Oxygen 34 © 25 23 28.0 2.5 
Nitrogen 18 16 12 8 13.5 2.2 
Strain I 
Carbon dioxide 0 0 0 0 0.0 0.0 
Air 43 41 37 40 40.2 1.3 
Oxygen 42 38 32 2% 34.5 3.3 
Nitrogen 24 20 15 = 10 17.3 3.0 
Strain II 
Carbon dioxide 0 0 0 0 0.0 0.0 
Air 49 45 41 38 43.3 2.4 
Oxygen 48 41 33 30 38.0 4.1 
Nitrogen is i2 ® 5 14.3 24 
Strain III 
Carbon dioxide 0 0 0 0 0.0 0.0 
Air 55 50 80 60 61.3 6.6 
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Effect of Four Gaseous Environments on Ascospore Formation by Three Yeast 
Strains in Acetate—Dextrose Solution 

Sporulation cultures were next incubated in four gaseous environments. 
Cell suspensions in vials containing acetate-dextrose solution, as in the fore- 
going experiment, were placed in sealed cans of approximately one liter capacity 
provided with inlet and outlet valves. Gases employed were oxygen, nitrogen, 
carbon dioxide, and air. The oxygen and nitrogen used were obtained from 
commercial cylinders while the carbon dicxide was generated by adding 
hydrochloric acid to sodium carbonate. The nitrogen contained 0.1-0.3% 
oxygen as an impurity, while the oxygen contained 0.5% nitrogen. The 
gaseous environments were renewed daily with the respective gases. Three 
yeast strains were included, and for each combination of yeast strain and 
gaseous environment there were four cultures in vials. 

The results of this experiment are summarized in Table II. The highest 
yields of ascospores were obtained from cultures incubated in air. Cultures 
incubated in oxygen formed asci in greater numbers than those incubated in 
nitrogen, and no ascospores were found in any culture incubated in carbon 
dioxide. The differences between treatments were significant. 


Effect of Four Gaseous Environments on Ascospore Formation by Three Yeast 
Strains on Acetate-Dextrose Agar 

To determine whether these gases have the same effect on ascospore forma- 
tion by cells on a solid medium, an experiment similar in design to the fore- 
going was conducted. 

Petri dishes containing acetate-dextrose agar were inoculated with vegeta- 
tive cells in two ways—by flooding and by streaking. The former method 
involved the preparation of a cell suspension of a density such that when it 
was flooded on a plate and the excess drained off, approximately 20 million 
cells remained on the agar surface. In the streaking method fairly heavy but 
uniform streak inoculations were made on the plates. The cultures were 
kept at room temperature in bell jars in which the plates, less tops, were 
stacked and separated with glass rods so that each plate surface was freely 
exposed to the particular gaseous environment. The gaseous environments 
were renewed daily with the respective gases. 


As in the previous experiment, no ascospores were produced in any 
cultures incubated in an atmosphere of carbon dioxide (Table III). All three 
yeast strains behaved similarly. Ascospore yields on acetate-dextrose sporu- 
lation medium were again consistently higher in air. But, while in the preced- 
ing experiment yields of ascospores were higher in oxygen than in nitrogen, 
this was not always so here. In two instances out of six, the mean values of 
ascospore yields were higher in nitrogen. The practice of inoculating the 
sporulation medium by streaking was seen to support higher yields of asco- 
spores than the other method described (flooding petri plates with a cell 
suspension). 
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TABLE III 


EFFECT OF FOUR GASEOUS ENVIRONMENTS ON ASCOSPORE FORMATION BY THREE YEAST STRAINS 
ON ACETATE-—DEXTROSE AGAR 


325 


Yeast Incubation atmosphere Percentage of asci Mean ape 
Percentage yield of asci on flooded plates after 14 days at room temperature 
| Oxygen a2 62 8 10 | 10.5 | 1.0 
| Nitrogen 18 26 23 25 23.0 | 1.8 
Strain | | | 
| Carbon dioxide | 0 0 0 0 | 0.0 | 0.0 
Air 41 40 33 38 | 38.0 | 1.8 
| Oxygen | 22 31 26 28 | 26.8 | is 
| | 
| Nitrogen | 24 30 25 22 | 25.3 | 1.5 
Strain II | 
, Carbon dioxide 0 0 0 0 0.0 | 0.0 
| Air 30 35 30 — 33.3 1.9 
Oxygen 24 29 «33 «40 31.5 3.4 
| Nitrogen | 22 25 23 30 25.0 1.8 
Strain III 
| Carbon dioxide 0 0 0 0 0.0 0.0 
Air 45 45 37 42 | 42.3 1.9 
Percentage yield of asci on streaked plates after 14 days at room temperature 
| Nitrogen 22 22 23 2 23.3 1.0 
Strain I | 
| Carbon dioxide 6 0 0 0 0.0 | 0.0 
| | | 
| Air | 40 43 44 48 43.8 | 1.7 
Nitrogen 43 43 38 41 41.3 Fe 
Strain II 
Carbon dioxide 0 0 0 0 0.0 0.0 
Air 50 50 43 48 47.8 La 
Oxygen 52 54 56 S87 | 54.8 2.5 
Nitrogen 30 630 8 33.3 2.0 
Strain III 
Carbon dioxide 0 0 0 0 0.0 0.0 
Air 64 S7 65 66 63.0 2.0 
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Effect Varying Concentrations of Oxygen, Carbon Dioxide, and Nitrogen on 
Ascospore Formation ; 

The obvious implications of results obtained in the preceding experiments 
were investigated in a more intensive study of the effects of the three gases— 
oxygen, carbon dioxide, and nitrogen—in varying concentrations, on asco- 
spore formation by one yeast isolate. 

For this work a gas-mixing panel was used which made possible the mixing 
of two or three gases in varying concentrations with a reasonable degree of 
facility and accuracy. Nitrogen was employed as a diluting gas with both 
oxygen and carbon dioxide. In addition, employing an Orsat apparatus, gas 
analyses were made before, during, and at the end of the experiment to check 
the composition of the gases passing over the cultures. Each gas or gas mixture 
was passed continuously for a seven-day period over vegetative cells on the 
surface of acetate-dextrose agar slants. In Fig. 1, the procedure followed to 
provide the particular gases is outlined. The cylinders of compressed gases 
(1) were connected to reduction valves (2) whereby the gas pressure was 
reduced to 0.5 lb. persq.in. The gases then flowed both to the mixing panel 
(3) where the different mixtures were made, and into separate lines as pure 
gases. The gases were then passed through hydrators (4) to the cultures (7), 
the rate of flow being regulated by control valves (6). To provide nitrogen 
free of oxygen, the nitrogen gas was passed through a pyrogallic acid absorber 
(5). The composition! of the compressed gases in the cylinders was: 

(1) Oxygen—at least 99.5% oxygen with up to 0.5% nitrogen. 

(2) Carbon dioxide—at least 99.5% of carbon dioxide with a trace of air and 

moisture. 

(3) Nitrogen—at least 99.9% nitrogen, 0.1% oxygen. 

Fluctuations in temperature were within the range 18.3 to 23° C., remaining 
for the most part close to 21 to 22°C. 

In determining the percentage of ascospores formed, units of 100 cells were 
examined, at least five such units for each tube. With the apparatus, it was 
possible to employ, at one time, seven gases or mixtures of gases in addition 
to compressed air. The data listed in Table IV were obtained from five 
consecutive runs of the apparatus. 

As in the preceding experiments on the effect of gaseous environment, 
carbon dioxide inhibited ascospore formation. At carbon dioxide concen- 
trations above 24.4% very few ascospores were found, except at 29.9% 
carbon dioxide where an unexpectedly high value of 11.0 + 0.4% was 
obtained. When carbon dioxide was mixed with air (50% carbon dioxide 
+ 50% air) instead of nitrogen, ascospore formation was prevented. In 
nitrogen from which the oxygen had been removed by passing the gas through 
a pyrogallic acid absorber, the yield of ascospores was 16.9 + 1.7%, indicating 
that oxygen is not essential for ascospore formation. However, where a small 
amount of oxygen was present (0.1% as in nitrogen direct from the cylinder) 


1 The gas analysis data were supplied through the courtesy of the manufacturer of the gases, 


Canadian Liquid Air Company, Toronto. 


: 
3 


ADAMS AND MILLER: SPORULATION IN YEAST 327 


Fic. 1, Diagram showing the manner in which gases and gas mixtures were provided 
as gaseous environments for the sporulation cultures. Explanation in text. 


ascospore formation increased to 24.4 + 1.8%. As the concentration of 
oxygen increased, the yield of ascospores was also increased until at 12.0% a 
yield of 70.8 + 1.0% was observed. But at higher concentrations of oxygen, 
ascospore formation seemed depressed. 

It may be concluded from these experiments that aeration favors sporulation 
in this yeast in two ways: (1) oxygen has a stimulating effect, although this 
gas seems not essential, and (2) aeration removes carbon dioxide produced by 
the cells before it reaches an inhibitory concentration. The latter is evidently 
the more important, since in air + 50% carbon dioxide sporulation was not 
observed; yet this mixture would contain about 10% oxygen, an amount that, 
according to Table IV, would be very stimulating. 

Ascospore yields in flowing air were approximately 43%, and in still air 
39%, which is somewhat less than would be expected in view of the fact that 
air contains about 21% oxygen. Possibly there was sufficient carbon dioxide 
in the air to depress the yields. 


Effect of Ethyl Alcohol Vapor on Ascospore Formation 

Cells were flooded upon acetate—dextrose agar plates. Inside the inverted 
tops of these were placed small aluminum containers holding 5 ml. of ethyl 
alcohol solutions of the following concentrations: 0, 1, 2, 5, 10, 20, 40, and 95% 
in distilled water. After seven days at 22 to 23° C. these plates were examined 
for ascospore formation. | No ascospores were observed in cells exposed to 
vapor from 10, 20, 40, and 95% alcohol, whereas in the absence of alcohol 
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TABLE IV 


EFFECT OF VARYING CONCENTRATIONS OF PURE GASES AND GAS MIXTURES UPON ASCOSPORE 
FORMATION AFTER SEVEN DAYS AT ROOM TEMPERATURE 


Mean gas Number of Mean 
Gaseous environments concentration, | units of 100 percentage ae 
% cells counted | yield of asci — 
Still air* 50 39.4 
Flowing air 50 42.5 2.6 
Air plus 50% carbon dioxide 20 0.0 0.0 
Carbon dioxide 100 50 0.0 0.0 
72 + 6.0 10 0.0 0.0 
42.9 + 6.0 10 0.0 0.0 
40.3 + 3.4 10 0.5 0.3 
31.6 + 1.2 10 1.0 0.3 
29.9 + 3.9 10 11.0 0.4 
26.4 + 0.1 10 1.9 0.5 
24.4 + 0.1 10 4.5 0.8 
14.0 + 0.8 10 8.1 1.0 
+ 6.3 10 19.7 1.5 
Oxygen 100 50 37.7 
68.8 + 1.6 20 48.1 1.9 
4.14 1.3 65.8 1.8 
12.0 + 0.8 10 70.8 1.0 
2.6 2.0.2 20 67.7 1.4 
50 24.4 1.8 
45 16.9 


| 
| 
| 


* Slants not attached to the apparatus. 
** Oxygen impurity in nitrogen cylinders. 
*** Cylinder nitrogen gas after absorption of oxygen by pyrogallic acid. 


50 to 60% sporulation occurred. With 1% alcohol, 2 to 5% ascospores were 
observed, while at 5% they were very rare. Viability of these cells was 
tested by plating with glucose nutrient agar. At 20% alcohol a marked 
decline in viability was evident, while only a few cells from 40% and none 
from 95% gave rise to colonies. Obviously, sporulation was inhibited at a 
concentration below that which was toxic to the cells. Somewhat similar 
observations were made by Stantial (14), who found that 2% alcohol in a 
liquid medium prevented sporulation, and more recently by Bright et al. (3), 
who noted that in the presence of alcohol vapor sporulation was reduced. 


Effect of Presporulation Temperature 


Vegetative cells of two bakers’ yeast isolates were transferred to dextrose 
nutrient agar slants and after 48 hr. incubation at 27.5° C., 30 to 31° C., and 
37 .5° C. respectively, were transferred to slants of acetate-dextrose agar and 
kept at room temperature. The concentration of vegetative cells on the 
sporulation medium was between 10 and 14 million per ml. of medium in all 
culture tubes. 
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The percentage yields of asci after 14 days are listed in Table V. It will be 
noted that a presporulation temperature of 37.5° C. seemed less favorable for 
subsequent ascospore formation than temperatures of 30 to 31° C., or 27.5° C. 
Vegetative cells did not multiply on the presporulation medium at 37.5°C. 
as rapidly as at the other temperatures, nor did they have the same morpho- 
logical appearance, being generally smaller and in many instances more 
elongated. 


Effect of Chilling Sporulation Cultures 


Acetate—dextrose slant cultures of three bakers’ yeast isolates were chilled 
at —18° C. —3.5°C., 2.5° C., and 4.5° C., for 14 days, then held for a further 
14 days at room temperature. The results are summarized in Table VI. 


TABLE V 


EFFECT OF PRESPORULATION TEMPERATURE ON SUBSEQUENT ASCOSPORE FORMATION AT ROOM 
TEMPERATURE AFTER 14 DAYS 


Presporulation temperature, Percentage yield of asc 
C. Strain 1 Strain 2 
27.5 48* 55° 47* 42 42 55 
30.0 - 31.0 45 45 49 54 56 58 
37.5 13 15 18 6 7 10 
* Replicates. 
TABLE VI 


EFFECT OF CHILLING FOR 14 DAYS ON SUBSEQUENT ASCOSPORE FORMATION ON 
ACETATE-DEXTROSE AGAR 


Temperature of chilling, 


Percentage of asci after 14 days at room temperature 


Strain 1 | Strain 2 | Strain 3 
4.5 5i* 52* 52*| 53 55 | 50 56 67 
2.5 55 | 5248 35 | 45 56 52 
| 38 40 «431 | 39 | 55) 
—18.0 | 13 12 10 | 23 31 34 | 38 34 30 


Control at room temperature | | 
for 28 days | 68 60 65 | 68 70 63 | 74 72 80 


* Replicates. 
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The lower the temperature to which the cultures were exposed, the lower 
were the subsequent yields of ascospores. But exposure to a temperature of 
4.5° C. did not markedly decrease the yields as compared with the controls 
kept at room temperature. In the cultures placed at —18° C. some evidence 
of plasmolysis was found; and at both lower temperatures ice crystals were 
macroscopically evident in the medium. Possibly a portion of the cells 
were killed at these temperatures, which would reduce the numbers that 
could form asci. 


Ascospore Formation at Various Temperatures 


Frequent reference has been made in the literature to a temperature range 
(20 to 30° C.) in which attempts at inducing ascospore formation are more 
likely to succeed ; but few efforts have been made to determine the temperature 
limits within which ascospore formation occurs. 

Two bakers’ yeast isolates were cultured for 48 hr. on grape juice agar and 
then transferred to acetate—dextrose agar slants for incubation at the following 
temperatures: 4.4, 6.7, 8.9, 16.1, 24.0, 27.5, 33.3, and 34.4°C. There 
were three replicates of each strain at all temperatures. Electrically-heated 
incubators were used to obtain temperatures above room temperature, and 
refrigerated storage units for lower temperatures. With both types of equip- 
ment the temperatures could be controlled within + 0.5° C. The density of 
vegetative cells placed on the sporulation medium was approximately 10 to 
20 million cells per ml. of medium; this concentration had been shown in 
preliminary work to give satisfactory yields of ascospores at room temperature. 
One culture of each strain at each temperature was examined after 7 and 
18 days. After 28 days all cultures were examined. 

The results are summarized in Table VII. Highest sporulation in Strain 1 
was observed at 27.5° C., although the seven-day optimum seemed to be at 
24.0°C. With Strain 2 highest sporulation was at 24.0°C. It is evident 
that there was no great increase in abundance of asci between 18 and 28 days 
except at 8.9°C. Between 7 and 18 days Strain 2 showed, on the whole, 
a much greater increase in abundance of asci than did Strain 1. After seven 
days at 8.9° C. or less, no asci were observed in either strain, but after further 
incubation they were found. They also developed, though not abundantly, 
at the two lower temperatures with Strain 1. The upper limit for sporulation 
appeared more definite. Fairly high numbers of asci were found at 33.3°C., 
even after seven days, but at 34.4° C. no asci were observed in either strain. 
In another experiment with three other strains the upper limit for sporulation 
was not so high, asci being absent at 34.4° C., rare at 32.2°C., and fairly 
abundant (26, 27, and 28% respectively) at 30.0° C. 

In a further experiment a comparison was made of the number of ascospores 
formed by three yeast strains on acetate-dextrose agar after 7, 14, and 28 
days under temperature conditions varied as follows: one set of cultures was 
held at 3° C., a second at room temperature, and a third set was held at 
3° C. for seven days and then at room temperature for seven days more. 
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The percentage of asci observed in the cultures after these time intervals 
is shown in Fig. 2. It will be noted that ascospores were found at 3° C. 
in Strains 1 and 3. Three other conclusions are suggested by the results: 
(1) a seven-day period was not sufficient for maximum yields of ascospores 
at room temperature; (2) holding the cultures beyond 14 days did not increase 
yield except with Strain 2; (3) holding cultures for a week at 3° C. did not 
retard subsequent sporulation at room temperature, except possibly with 
Strain 3. In fact the treatment seemed to stimulate somewhat the sporulation 
of Strains 1 and 2. 


7 DAYS 3C 
7 DAYS 14 DAYS | 28 DAYS 7 DAYS RT. 


if 
[,2,3,YEAST STRAINS | 
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ROOM TEMPERATURE 
3° CENTIGRADE 


Fic. 2. Ascospore formation in three yeast isolates at room temperature and at 3° C., 
and in the same isolates after seven days at 3° C. + seven days at room temperature. 


Discussion 


Both oxygen and carbon dioxide affected ascospore formation, the former 
being stimulating and the latter inhibitory. A very small amount of oxygen 
markedly raised the ascospore yields. Low concentrations of carbon dioxide 
mixed with nitrogen were not so effective in suppressing, as were similar 
concentrations of oxygen in stimulating, sporulation. However, at a concen- 
tration of about 40% carbon dioxide, almost total suppression of ascospore 
formation was observed. It is noteworthy that the inhibitory effect of 
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carbon dioxide is capable of nullifying the stimulating effect of oxygen, which 
is apparent from the fact that in air plus 50% carbon dioxide no ascospores 
were formed. 

Adams (1) reported that an increase in depth of liquid medium depressed 
sporulation, but an explanation was lacking at that time. In view of the role 
played by carbon dioxide as outlined in this work, the effect could be accounted 
for in the following way—the larger the volume of suspension added to the 
vials, the larger would be the number of cells present, and thus more carbon 
dioxide would be produced. It seems reasonable to assume that diffusion of 
this carbon dioxide from the cells to the air would be less rapid as the depth of 
liquid increased. Thus, in vials containing the larger volumes, more carbon 
dioxide would be present and ascospore formation would be depressed accord- 
ingly. However, the depression of sporulation could also be explained by the 
barrier to oxygen diffusion presented by the liquid. 

When paraffin oil was layered on liquid cultures an added barrier to the 
diffusion of carbon dioxide and oxygen was present, which could account for 
the reduction of ascospore yields in cultures so treated. Likewise, when an 
area of agar surface was covered with a cover glass, ascospore formation 
diminished from the edge of the glass in toward the center, and the foregoing 
explanation appears applicable here as well. 

Maneval (11) noted the presence of ascospores in yeast cakes only on the 
outside layers of cells. Lindegren and Hamilton (9) prepared cross sections of 
yeast colonies and found ascospores only in the outermost layer of cells. 
The studies reported here, suggest the possibility that carbon dioxide 
attained a sufficient concentration in the yeast cakes or colonies to inhibit 
ascospore formation. 

Some volatile product or products of metabolism other than carbon dioxide 
could also be responsible for the suppression of sporulation observed in deep 
liquid media and under cover slips. This possibility should not be overlooked 
since it was noted that alcohol vapor inhibited sporulation. It is, however, 
evident from the foregoing that carbon dioxide alone exerts a strong inhibitory 
effect upon sporulation. That this gas could be of practical value in increasing 
the genetic stability of yeast cultures in storage is forseeable and to this end 
experiments are now being conducted. 

The minimum temperature for ascospore formation was found to be con- 
ditioned by strain difference and length of incubation. This may possibly 
explain discrepancies between observations of other workers referred to in the 
Introduction. Ascospores were found to develop at 3° C., which is lower than 
that reported previously for S. cerevisiae. No ascospores were found at 
34.4° C. or higher, but liberal numbers were present at 30.0° C., and they 
were fairly frequent, in one of two experiments, at 33.3° C. This temperature 
limit is higher than that reported by Guilliermond for S. pastorianus. It is 
worth noting that Stantial (14) obtained good sporulation at 35° C. when the 
yeast was multiplied in presporulation medium at that temperature. 
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THE PERSISTENCE OF THIRAM IN SOIL AND ITS 


RELATIONSHIP TO THE MICROBIOLOGICAL BALANCE AND 
DAMPING-OFF CONTROL! 


By L. T. RICHARDSON? 


Abstract 


A means of determining the thiram content of treated soil was developed, 
applying the paper disk bioassay technique with Glomerella cingulata as the test 
organism. It was found that thiram persisted in sandy soil for over two months 
but disappeared from compost soil within one week. Thiram treatment changed 
the microbiological balance in the soil, the number of bacteria being increased 
and the fungi decreased for some time. Thiram was shown to be selective in its 
action against fungi; Penicillium and Trichoderma, being resistant, increased in 
number after soil treatment. Thiram treatment rendered soil more difficult to 
infest artificially with Pythium ullimum and also prevented a natural increase in 
the population of damping-off organisms resulting from repeated cropping. This 
protection for seedlings persisted longer than did the fungicide in the soil. 


Introduction 


In recent years fungicides applied as soil treatments have been used with 
success for the control of soil-borne diseases such as root rots and damping-off. 
There has been little information available, however, concerning their mode 
of action, their persistence, and the course of their decomposition in the soil. 
Thiram (tetramethylthiuram disulphide) was selected for these investigations 
because of its proven value for combatting sugar beet root rot (5, 6,9) and 
damping-off of certain vegetables (4, 8,11) and because of current interest in 
fungicides of the dithiocarbamate group. It was found to have an added 
advantage for this type of investigation in that its concentration in the soil 
at any time could be determined by means of a bioassay method. 


Methods 


Soils were treated by adding thiram in the form of a commercial nonwettable 
powder (Arasan) containing 50% active ingredient and mixing thoroughly. 
The rate of application, unless otherwise specified, was 0.1 gm. of the powder 
per kilogram of soil which is equivalent to 50 parts per million of pure thiram. 
This concentration is not toxic to seedlings and is comparable to the rate of 
3 to 4 lb. per acre recommended for sugar beets (6) and 3.14 gm. per cu. ft. 
of soil for vegetable seedlings (8). 

The usual procedure of soil plating was followed in analyzing the microfloral 
population of the soils. The media used were Czapek’s agar acidified with 
lactic acid for fungi, and sodium albuminate agar for bacteria and actino- 
mycetes. 


1 Manuscript received December 14, 1953. 


Contribution No. 25 from Science Service Laboratory, Canada Department of Agriculture, 
London, Ontario. 


2 Senior Plant Pathologist. 
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Determination of Thiram in Soil 


Leben and Keitt (7) developed a modification of the paper disk technique 
used in the assay of antibiotics which could be applied to determine the 
amount of thiram contained in a solution or on the surface of treated seed. 
This method was extended to assay samples of soil for thiram content. 

Samples of thiram treated soil were allowed to dry thoroughly at room 
temperature, then 5 gm. of air-dried soil was extracted with 5 ml. of 95% 
ethanol in a vial for one hour or longer. The liquid was then poured off into a 
second vial and three 1 : 1 serial dilutions in ethanol were prepared in addi- 
tional vials. Solutions of known thiram concentrations (20, 10, 5, and 2.5 
p.p.m. in ethanol) were used with each assay. Blotting paper disks 6 mm. in 
diameter were saturated with each of the test solutions, uniformly drained on 
sterile filter paper, and transferred to petri plates or large glass trays con- 
taining solidified peptone agar in the upper layer of which spores of the test 
organism, Glomerella cingulata were dispersed. Approximately 200,000 


40 
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1 2 5 10 20 50 100 
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Fic. 1. Dosage-response curves for sandy and compost soils assayed three days after 
50 p.p.m. thiram treatment. S.—Standard thiram solutions (20, 10, 5, and 2.5 p.p.m.). 
A and B.—Diluticns of ethanol extracts from sandy soil and from compost soil 
respectively. , 
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spores per cc. of agar were found to be the best number for the surface layer; 
inhibition zones were smaller when higher spore concentrations were used, 
and less distinct when fewer spores were present. After incubation for 24 hr. 
at 28° C., the diameters of the clear zones around the disks were measured in 
millimeters. A straight-line standard dosage response curve was obtained, as 
shown by Leben and Keitt (7), by plotting the diameters of zones produced 
by solutions of known strength against the logarithm of their concentration. 
The diameters of the zones produced by the four concentrations of each test 
solution were plotted on the same graph and a straight line parallel to the 
standard curve was drawn through these points. The concentration of 
thiram in any dilution of a test solution was then read from the standard 
curve. 

In the representative example shown in Fig. 1 the concentration of thiram 
in soil extract “‘A’’ was read as 40.0 p.p.m. for the undiluted sample, and 
extract ‘‘B” as 6.2 p.p.m. 


Effect of Thiram on the Soil Microflora 


In a preliminary experiment the changes in the population of microorganisms 
in sandy soil were observed over a period of one month following treatment 
with thiram. For comparison the same soil was also treated with two other 
dithiocarbamate fungicides: ferbam (ferric dimethyl dithiocarbamate) applied 
as a 70% powder (Fermate), and nabam (disodium ethylene bisdithiocar- 
bamate) applied as a liquid (Parzate) containing 19% active ingredient. Each 
was applied to 1000-gm. lots of sandy soil at the rates of 50, 100, and 200 
p-p.m. by weight. The treated soils were mixed in wide-mouthed jars and 
stored in them at room temperature. At 2, 7, 23, 31, and 55 days following 
treatment, duplicate samples from the thiram treated soils were removed and 
assayed by the paper disk method. The thiram contents found at these 
times are listed in Table I. Other samples were removed at 1, 8, and 29 days 
for analysis of the soil population by the plating method. The comparative 
numbers of fungi, bacteria, and actinomycetes per gram of moist soil found 


TABLE I 


THIRAM CONTENT OF SANDY SOIL OVER A PERIOD OF EIGHT WEEKS FOLLOWING TREATMENT 
AT THREE DOSAGE RATES 


Rate of thiram application, Thiram content, p.p.m.* 
p-p.m. 


2 days 7 days 23 days | 31 days | 55 days 


50 23.0 22.0 18.0 10.0 oe 
100 38.0 55.0 41.0 18.0 16.0 
200 64.0 101.0 90.0 80.0 41.0 


* Average of two samples assayed. 
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at these times are presented in Table II. It is apparent that thiram and 
ferbam treatment progressively reduced the number of fungi as compared 
with the untreated control soil. The action of these fungicides appeared to be 
selective since Penicillium and Trichoderma spp. were predominant in the 
treated soils. Nabam, on the other hand, practically eliminated all fungi 
from the soil over the period of the test. Thiram and nabam caused a progres- 
sive increase in numbers of bacteria whereas nabam caused an immediate 
reduction followed by an increase except where applied at the rate of 200 
p.p.m. The treatments had no obvious effect on the numbers of actinomy- 
cetes apart from the suggestion of a reduction in the case of nabam. 

In another experiment a comparison was made between the sandy soil used 
in the preceding experiment and a greenhouse compost soil, with respect to 
the persistence of thiram and the changes in the microflora following treat- 
ment. Both soils were treated with 50 p.p.m. thiram and after mixing, were 
stored at room temperature in duplicate 10 kgm. lots in wooden kegs along 
with untreated soil of each type. Water was added as required to maintain 
the original weights. At 1, 2,3, 7,10, 15, 23, 30, and 40 days after treatment 
two samples from each keg were removed for thiram assay. Other samples 
were taken for soil plating at the time of treatment and 1, 2, 3, 4, 6, and 8 
weeks thereafter. 

The thiram contents of the two soils as determined by assay are shown in 
Table III. Thiram persisted in the sandy soil, in decreasing amounts, to the 
end of the test period, whereas in compost soil it had virtually disappeared by 
the end of one week. 

From the data on the soil microflora presented in Table IV it will be seen 
that the thiram treatment brought about a moderate reduction in the number 
of fungi throughout the test period. The population of the compost soil was 
evidently not stabilized since the number of fungi increased in the untreated 
compost soil for several weeks after it was brought indoors. In the treated 


TABLE III 


THIRAM CONTENTS OF SANDY AND COMPOST SOILS OVER A PERIOD OF SIX WEEKS FOLLOWING 
TREATMENT AT 50 P.P.M. 


Thiram, p.p.m.* 
Days after treatment 
Sandy soil Compost soil 
1 35.0 17.3 
2 38.0 4.4 
3 30.0 $.1 
7 Trace 
10 16.0 0 
15 33.0 0 
23 8.2 0 
30 10.5 0 
46 $.0 0 


* Average of two samples from each of duplicate kegs. 
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TABLE IV 


COMPARATIVE NUMBERS OF FUNGI, BACTERIA, AND ACTINOMYCETES PER GRAM OF SANDY AND 
COMPOST SOIL OVER A PERIOD OF EIGHT WEEKS FOLLOWING S50 P.P.M. THIRAM TREATMENT 


Sandy soil Compost soil 
Control Thiram Control Thiram 
Fungi 
(xX 10?) 0 145 200 250 850 
1 305 120 442 230 
2 402 120 1400 350 
3 742 210 1225 360 
+ 888 155 1550 1178 
6 912 160 1685 1550 
8 390 160 950 1025 
Bacteria 
(x 104) 0 505 245 4500 5700 
1 195 675 1375 1500 
bs 1350 1850 2125 1400 
3 545 2850 2255 3200 
4 775 3025 2975 3225 
6 808 1615 3300 5425 
8 1450 2625 7575 9175 
Actinomycetes 
(X 10°) 0 125 90 2400 2600 
1 80 20 625 1225 
2 550 175 2375 1475 
3 185 125 1975 1925 
4 245 15 2800 2350 
6 280 18 2250 2200 
8 320 38 11250 9750 


compost soil this increase was delayed for the first four weeks. In both soil 
types the fungi predominant in treated soils were again species of Trichoderma 
and Penicillium. , Thiram treatment resulted in increased numbers of bacteria 
in both sandy and compost soil. Thiram appeared to decrease the numbers 
of actinomycetes in sandy soil but there was no significant reduction in the 
compost soil. 


Selective Action of Thiram Against Soil Fungi 


It was noted from the platings of thiram treated soils that Trichoderma and 
Penicillium spp. consistently survived and multiplied. The tolerance of a 
number of fungi to thiram in a culture medium was determined by growing 
them on potato dextrose agar containing a geometric series of dilutions of the 
chemical. The medium was dispensed in 9 ml. lots into test tubes and kept 
at 50°C. in a water bath. To each tube was added 0.1 ml. of an ethanol 
solution of the required strength and 1 ml. of a spore or mycelial suspension. 
After mixing by rapid rotation, the contents of a tube were emptied into a 
sterile petri plate. After incubation for one week at 24° C. the plates were 
examined for fungus growth. Fig. 2 illustrates the selectivity of thiram as 
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indicated by the range of tolerance to it for different fungi. It should be noted 
that Pythium ultimum was inhibited by concentrations higher than 6.2 p.p.m. 
whereas Trichoderma viride grew with 50 p.p.m. thiram in the medium. 


Effect of Thiram Treatment of Sandy Soil on Soil Microflora and 
Artificial Infestation with Pythium ultimum 


An experiment was designed to show what effect thiram soil treatment, with 
the resultant shift in the microbiological balance, might have on the establish- 
ment of a damping-off fungus in the soil. Sandy soil was brought in from the 
field and stored in 20 kgm. lots in wooden kegs at room temperature. Water 
was added as required to maintain the original moisture content. The soil 
in one keg was treated immediately with 50 p.p.m. thiram, and other lots 
were treated 4, 6, 7, 8, and 9 weeks later. On the last date of treatment there 
was thus a series of soil lots which had been treated 9, 5, 3, 2, 1, and 0 weeks 
previously. Samples from each lot were assayed for thiram at this time and 
other samples, including untreated soil were plated to determine the numbers 
of fungi, bacteria, and actinomycetes. One half of the soil in each keg was 
then removed, infested with Pythium ultimum by mixing with it 500 gm. of 
inoculum (the fungus growing on sand and cornmeal medium enriched with 
Czapek’s solution), and stored in a separate keg. The following day, and at 
weekly intervals for one month thereafter, 2000 gm. of both inoculated and 
noninoculated soils from each thiram treatment were removed from the kegs 
and placed in small flats. Each flat was then planted with 50 spinach and 
25 cucumber seeds and kept watered in the greenhouse. The numbers of 
seedlings emerging in each flat within two weeks was recorded. 


THIRAM - p.p.m. 


3 8 
TIME - weeks 


Fic. 4. Decline of thiram in sandy soil over a period of nine weeks after treatment 
at 50 p.p.m. 
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The decline of thiram in the soil over the nine weeks following treatment is 
illustrated in Fig. 4. The initial steep drop, followed by a gradual decline is 
characteristic of all time-decomposition curves depicting the disappearance of 
thiram from soil. 

The numbers of organisms found in the soil at the various intervals following 
thiram treatment are shown in Table V. As in the previous experiments the 
fungi were initially reduced in number by the thiram treatment, however at 
nine weeks there was a sharp increase. A set of typical plates is illustrated 
in Fig. 3. Again the fungi surviving after thiram treatment were species of 
Trichoderma and Penicillium. 


TABLE V 


COMPARATIVE NUMBERS OF FUNGI, BACTERIA, AND ACTINOMYCETES PER GRAM OF MOIST SANDY 
SOIL DURING A PERIOD OF NINE WEEKS FOLLOWING 50 P.P.M. THIRAM TREATMENT 


Weeks after —— Fungi Bacteria Actinomycetes 
treatment (xX 10?) (xX 10*) (xX 10%) 
p.p.m. 
Control — 570 155 160 
0 50.0 570 125 165 
1 21.0 90 105 135 
2 15.0 200 130 90 
3 11.0 40 140 140 
5 9.5 45 75 85 
9 7.0 425 280 140 
RESIDUAL THIRAM-ppm. 2nd PLANTING 3rd PLANTING 
© 50 21 11 957-0 
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Fic. 5. Emergence of spinach and cucumber seedlings in thiram treated and untreated 
soils infested with Pythium ultimum and not infested. Soils treated with 50 p.p.m. 
thiram 0, 1, 2, 3, 5, and 9 weeks before inoculum added. Plantings made 1, 8, and 15 
days after infestation. 
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The emergence data for the first three plantings of spinach and cucumber 
seeds in inoculated and noninoculated, treated and untreated soils are repre- 
sented in Fig. 5. Itis apparent that Pythium ultimum became established less 
rapidly in all soils that had been treated with thiram, even where the amount 
remaining at the time the inoculum was introduced was negligible. The 
emergence data for the third and subsequent plantings indicated that the 
pathogen did not actually become permanently established in any of the soils. 
Thiram treatment, however, did provide protection for the seedlings during 
the critical infection period. 


Effect of Thiram on Natural Increase of Damping-off Organisms 
Due to Repeated Cropping 


It was found that damping-off organisms increased very rapidly when 
repeated plantings of peas were made in the sandy soil used in these experi- 
ments so that emergence of pea seedlings was reduced drastically. To deter- 
mine the effect of thiram in the soil on this build-up of pathogens, the following 
experiment was conducted in the greenhouse. Twenty-four small flats were 
filled with untreated sandy soil and another 24 flats with the same soil after 
50 p.p.m. thiram had been mixed with it. All flats were kept in the greenhouse 
in randomized positions on the bench and watered uniformly. Samples from 
unplanted flats of treated soil were assayed at weekly intervals to follow the 
decline of thiram. One week after treatment, 50 Alaska pea seeds were planted 
in each of four treated and four untreated flats. Two weeks later the seedlings 
were counted, then removed. The soil from the replicate flats was sifted to 
remove ungerminated seeds and roots, blended, and returned to the same 
flats. These were again planted with peas and at the same time a first 
planting was made in four other flats of treated and of untreated soil. This 
procedure was repeated over a three-month period so that seven plantings were 
made in the first set of flats and one in the last. 

The emergence data from the first four sets of flats are represented in Fig. 6 
with the residual thiram at the time of each planting. In the untreated soil 
the population of damping-off organisms increased so rapidly that no seedlings 
emerged from the third planting. In subsequent plantings emergence im- 
proved gradually, indicating that the pathogens were not in equilibrium with 
the other constituents of the soil microflora. Treatment of the soil with 
thiram afforded the seedlings a high degree of protection for three plantings 
in the first two sets of flats, even where the amount of residual thiram at the 
time of planting was very low. In the remaining set of flats, where planting 
was delayed five weeks or more after treatment, the difference in emergence 
between treated and untreated soils was not significant. 


In order to determine what initial concentration of thiram is required to 
protect seedlings against a population of damping-off organisms favored by 
repeated cropping, another experiment was conducted in the greenhouse. 
Twenty flats were filled with untreated sandy soil and each was planted with 
50 pea seeds. Two weeks later the seedlings were counted and removed, and 
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DAYS BETWEEN TREATMENT & PLANTING OR ASSAY 


Fic. 6. Emergence of pea seedlings from repeated plantings in thiram treated and 
untreated sandy soil. Seeds planted in same soil at two-week intervals beginning 1, 3, 5, 
and 7 weeks after 50 p.p.m. thiram treatment in series A, B, C, and D respectively. 


the soil from all flats was mixed then returned to the flats which were then 
replanted with peas. Two weeks after that the seedlings were again counted 
and removed, the soil combined, and enough for two flats was treated with 
thiram at the rate of 10 p.p.m. and two at 20 p.p.m. The treated and remain- 
ing untreated soils were replanted the following day. Two weeks later the 
seedlings were again removed and the soil from replicate flats combined. 
Again two flats of soil were treated with 10 and 20 p.p.m. thiram and this 
freshly treated set was replanted along with the previously treated sets 
and the untreated balance. This procedure was repeated two weeks later so 
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that over the eight-week period emergence data were obtained for one, two, 
three, and four plantings in soil treated with 10 and 20 p.p.m. thiram applied 
after first, second, and third consecutive crops of peas. 

These data, presented in Table VI, show that 20 p.p.m. thiram applied after 
first, second, or third plantings provided protection for the seedlings in one or 
more subsequent plantings, whereas 10 p.p.m. thiram was insufficient to 
protect the first crop after treatment. From this evidence it would appear 
that any improved stands in the previous experiment (see Fig. 6) at any point 
where the residual thiram was 10 p.p.m. or less could not be attributed to the 
direct action of thiram against the damping-off organisms. 


TABLE VI 
EMERGENCE OF PEAS PLANTED REPEATEDLY AT TWO-WEEK INTERVALS IN SANDY SOIL WITH 


THIRAM TREATMENTS AT TWO DOSAGE RATES APPLIED AFTER THE FIRST, 
SECOND, AND THIRD CROPS OF PEAS 


Percentage emergence 
Treatment 
1st planting 2nd planting 3rd_ planting 4th planting 
None 86.7 25.2 19.7 2.2 
Thiram 
20 p.p.m.! 86.7 91.0* 84.0 
86.7 25.2 59.0* 3.0 
86.7 25.2 19.7 32.0* 
Thiram 
10 p.p.m.! 86.7 10.0* 30.0 _ 
86.7 28.2 19.0* 16.0 
86.7 25.2 19.7 19.0* 


1 Thiram treatments applied to soil one day prior to the planting marked with asterisk. 


Discussion 


The fact that thiram in soil can be assayed is of great value in studying the 
the mode of action of this fungicide in soil in relation to the microflora. The 
nature of the curve representing the decline of thiram in soil with time (Fig. 4), 
being neither linear nor logarithmic, suggests that more than one process is 
involved in the disappearance of thiram. An investigation of the factors 
effecting its persistence in soil and the course of its decomposition is in progress. 

Experimental evidence presented indicates that thiram can provide protec- 
tion for seedlings against soil-borne pathogens for a considerable time after 
it has been reduced to levels that are not toxic to those organisms. This 
protection may result from a disturbance of the microbiological balance in the 
soil, as suggested by McKeen (9). The increased number of bacteria may be 
unfavorable to the re-establishment of parasitic fungi after they have been 
eliminated by the initial thiram concentration. Protection may result, on 
the other hand, from the selective action of thiram against fungi demonstrated 
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here and by Manten et al. (10) against a wider range of organisms. The thiram- 
resistant saprophytic fungi may be responsible for suppressing the pathogens, 
through either competition or direct antagonism. One of these resistant 
fungi, Trichoderma viride, is known to produce two antibiotics, gliotoxin (3) 
and viridin (2) and to be capable of protecting citrus (12) and cucumber and 
pea seedlings (1) from damping-off fungi. It is conceivable, therefore, that the 
effectiveness of thiram in protecting seedlings against damping-off organisms 
could be due to antibiotic substances produced by these thiram-resistant soil 
fungi. 
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INHERITANCE OF REACTION TO RACE 7A AND OTHER RACES OF 
OAT STEM RUST, PUCCINIA GRAMINIS AVENAE! 


By J. N. WEtsH? AND T. JoHNsoN® 


Abstract 


Prior to 1952, oat varieties with the Hajira type of resistance to all the known 
races of oat stem rust in North America, such varieties as Garry and Rodney, were 
thought to have identical rust resistance. In 1952, slight amounts of stem rust 
occurred in one field of Rodney. This rust was identical with race 7 except for 
its ability to en Rodney and some sister strains. Other sister strains of 
Rodney as well as Garry were highly resistant to it. Therefore, Garry and 
Rodney, which derived their resistance from the same source, did not, as had been 
assumed, contain identical factors for rust resistance. The new rust strain was 
regarded as a biotype of race 7 and was designated race 7A. Studies were made 
on F; lines derived trom crosses involving Hajira to determine the reaction of the 
plants to stem rust races, including race 7A. These studies indicate that resist- 
ance to the various rust races is conditioned by three genes. Gene A (present in 

varieties such as Richland, V Vanguard, Ajax, and Green Russian) conditions 
to races 1, By 7A,and12. Asecond gene B (present i in varieties 
such as Canuck and Rodney ) conditions resistance to races 1,2, 3,5, 7, and 12 but 
is not effective against race 7A. A third gene C conditions resistance to races 4, 
6, 8, 10, 11, and 13. Varieties such as Rodney, Canuck, and R.L. 1225 presum- 
ably contain genes B and C, whereas varieties such as Garry and R.L. 1574 con- 
tain genes A, B, and C. 


Introduction 


It has been shown previously (3) that 88% of the plants in the variety 
Hajira had resistance to races 1,2,3,5,7, and 12 of oat stem rust and that 12% 
had resistance to the 12 races that had been collected in Canada. The dis- 
covery in 1952 of a hitherto unknown biotype of race 7 provided an oppor- 
tunity of gaining further information on the inheritance of reaction to oat stem 
rust races in F, and F; lines of crosses of Hajira derivatives with other oat 
varieties. It is the purpose of this paper to present the results of these studies. 


Materials 


The varieties used as parents in these studies, together with their ancestry, 
are as follows: Ajax = (Victory X Hajira); Exeter = (Victory X Rusota);, 
Garry = (Victoria X R.L. 524) & Victory; Roxton = (Siberian X Joanette) 
X (0.A.C. No. 72 X Early Ripe); R.L. 1225 = (Victoria K R.L. 524); R.L. 
1574 = (Victoria X R.L. 524) X (Victory X Hajira); and 3003 F = Onward X 
(Anthony X Bond). R.L. 524, which is a parent of a number of these varieties, 
is derived from the cross Hajira X Banner. Roxton has the Joanette resist- 
ance to races 1 and 11 of stem rust while 3003 F has the White Russian resist- 
ance to races 1, 2, 5, 8, 10, and 11. The reactions of the other varieties are 
given in Table I. The crosses studied were 3003 F X Exeter, R.L. 1225 X 
Ajax, Garry X Roxton, and R.L. 1574 X Roxton. 


1 Manuscript received December 14, 1953. 
Joint contribution from the Cereal Division, Experimental Farms Service—Contribution 
No. 175—and the Botany and Plant Pathology Division, Science Service—Contribution No. 1373, 
—Department of Agriculture, Ottawa, Canada. 
2 Senior Cerealist, Laboratory of Cereal Breeding, Winnipeg, Man. 
3 Officer-in-Charge, Laboratory of Plant Pathology, Winnipeg, Man, 
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TABLE I 


REACTION OF VARIETIES WITH THE RICHLAND, GREEN RUSSIAN, AND HAJIRA SOURCES OF STEM 
RUST RESISTANCE TO RACE 7A AND TO 12 OTHER RACES 


Races of stem rust 


Source of resistance Varieties 
7A 1 2 * 3 + 4 6 8 10 11 13 
Richland Richland, Branch, Eaton, | R RRR RR R 8S 8 § 
Fortune, Iogold, Tama, 
Vicland 
Green Russian Green Russian, Andrew, | R & & & 


Exeter, Marion, Rain- 
bow, Rusota 


Hajira Hajira, Abegweit, Ajax, | R Re RR & 
Beacon, Beaver, Van- 
guard 
Hajira Hajira Sel., Garry, R.L. | R RRR AR R R R R R R 
1574 
Hajira Rodney, R.L. 524 Seg R R R R R R 
Hajira Canuck, R.L. 1225, R.L. | S B R RR RAR 
1942 
Methods 


Experiments were made in the seedling stage in the greenhouse. For 
inheritance studies F; random lines were inoculated with a single race, while 
selected lines were inoculated with all available races. 

In all crosses except 3003 F X Exeter, only two types of rust infection were 
observed; type 1 (small pustules surrounded by necrosis) indicating a resistant 
reaction (R), and type 4 (large pustules) indicating a susceptible reaction (S). 
In the cross 3003 F X Exeter there occurred in addition to these two types a 
type 2+ infection, a medium-sized pustule surrounded by chlorosis, which is 
the characteristic type of infection produced on the variety White Russian by 
races 1, 2, 5, 8, 10, and 11. This is considered to indicate a moderately 
resistant host reaction (R—). 


The Discovery of a New Biotype of Race 7 


Race 7 has occurred in Canada since 1928 (Gordon and Welsh (1) ) but did 
not become widely prevalent until 1950. The sudden increase in its prevalence 
in that year was not regarded with anxiety because most Canadian oat varieties 
produced in recent years possessed either resistance of the Richland type (as én 
Vanguard, Ajax, Exeter, and Beaver) or of the Garry type (as in Garry, 
Rodney, and Canuck). Both types of resistance were highly effective against 
race 7. The stem rust resistance of varieties such as Garry and Canuck was 
regarded as very valuable as it was thought to be effective against all North 
American stem rust races, 
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The first indication of the presence of a race of stem rust that could over- 
come the latter source of resistance came from an observation made by Mr. 
A. B. Masson of the Cereal Breeding Laboratory, Winnipeg, in August, 1952. 
He noticed in a small field of the variety Rodney (R.L. 1574 X Roxton) 
located near Winnipeg a few small groups of rusted plants. Two samples of 
the rust were brought to the Laboratory of Plant Pathology and were used 
for the inoculation of the oat stem rust differential hosts to which were added 
the variety Rodney, on which the rust was collected, and the variety Garry. 
Judged by the reaction of the standard differential hosts both samples of the 
rust appeared to be pure cultures of race 7. The variety Rodney was highly 
susceptible to both samples of the rust (except for about 3% of resistant 
plants) whereas the variety Garry was highly resistant to both. 

It was at once apparent that a hitherto unknown strain of race 7 had been 
isolated which differed from ordinary race 7 by its ability to attack Rodney. 
It was also apparent that the rust resistance of Rodney was not identical with 
that of Garry as had been assumed on the basis of (i) previous tests of their 
reaction to physiologic races and (ii) the common origin of the two varieties. 
Both of these varieties were derived from crosses with R.L. 524 (Hajira X 
Banner) which in turn derived its high stem rust resistance from a selection of 
Hajira found to be resistant to the oat stem rust races known to occur in 


Canada (3). 


Preliminary Investigations 


Seedling tests in the greenhouse carried on later with race 7A revealed that 
approximately 3% of the plants in Rodney were resistant to thisrace. Further 
tests with a large number of varieties showed that all those with the Richland, 
Green Russian, and Hajira source of resistance to races 1, 2, 3, 5, 7, and 12 
were resistant to race 7A, but that varieties with the Hajira source of resistance 
referred to as the ‘‘Canadian type” by Kehr et al. (2)—effective against races 
1, 2, 3,5, 7,12, 4, 6, 8, 10, 11, and 13—gave either a resistant, segregating, or 
susceptible reaction to race 7A. The reactions of the varieties are given in 


Table I. 


The results therefore indicated that resistance to race 7A was associated in 
inheritance with the Richland, Green Russian, and Hajira sources of resistance 
to races 1, 2, 3, 5, 7, and 12, but not with the Hajira source of resistance, as 
possessed by Canuck, to races 1, 2, 3, 4, 5, 6, 7, 8, 10, 11, 12, and 13. The 
reaction to race 7A appeared to be inherited independently of the reaction 
to other races. R.L. 524 is the source from which all varieties derived their 
resistance to either the 12 races (as in R.L. 1225) or the 13 races (as in Garry). 
More extensive tests with R.L. 524 revealed that approximately one plant in 
70 was resistant to race 7A. 


It is clear therefore that two types of resistant plants were present in R.L. 
524, namely, those resistant to 12 races, as in R.L. 1225, and those resistant 
to the 12 races and race 7A, as in Garry. 
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Inheritance Studies 


Further tests were made to determine the manner in which reactions to 
race 7A and other races were inherited. The hybrid populations used were 
limited to remnants of crosses made for other purposes as time did not permit 
the making of more appropriate ones. F; populations of the 3003 F x 
Exeter, R.L. 1225 X Ajax, and Garry X Roxton crosses and advanced 
generation lines of the R.L. 1574 & Roxton cross were inoculated with race 
7A. Later, lines classed as resistant, segregating, or susceptible to this race 
were selected from each of the three crosses, and inoculated with a number of 
other races to determine the extent to which their reactions are associated in 
inheritance with that to race 7A. 


3003 F X Exeter 


The variety 3003 F is resistant to race 8, but susceptible to races 7 and 7A, 
while Exeter is susceptible to race 8 and resistant to races 7 and 7A. The 
original purpose of this cross was to determine whether the gene responsible 
for the Exeter resistance to race 7 and the gene responsible for the White 
Russian resistance to race 8, as carried by 3003 F, were allelic. The present 
tests were made to compare the inheritance of reaction to races 7, 7A, and 8. 
One hundred and twenty F; lines were inoculated with races 7 and 8, and 60 
of these lines taken at random were inoculated with race 7A. The data are 
given in Tables II and III. 


TABLE II 


RELATION BETWEEN SEEDLING REACTION OF F; LINES TO RACES 7 AND 7A IN THE CROSS 
3003 F EXETER 


Reaction to race 7 Total 

Reaction to race 7A 
R | Seg ines 

R 5 | 1 —- 6 

Seg 4 39 1 44 

Total lines 9 40 11 60 


TABLE III 


RELATION BETWEEN SEEDLING REACTION OF F3 LINES TO RACES 7 AND 8 IN THE CROSS 
3003 F xX Exeter 


Reaction to race 8 Total 
Reaction to race 7 aes 
R— Seg S 
R — 9 14 23 
Seg 7 67 2 76 
: 20 1 — 21 
Total lines 27 77 16 120 
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In Table II the data show that there is a very close agreement between the 
reactions to races 7 and 7A. With few exceptions, possibly due to errors in 
classification, lines that gave a resistant, segregating, or susceptible reaction 
to one race gave a similar reaction to the other race. This result indicates 
that the same major gene or two closely linked genes govern the reaction to 
both races. In contrast with this result the data in Table III show that, with 
few exceptions, lines that gave a resistant or susceptible reaction to race 7, 
gave the opposite reaction to race 8. 

These data indicate that the major gene or genes in Exeter responsible for 
the reaction to races 7 and 7A are allelic to the gene in 3003 F responsible for 
the reaction to race 8. 

Calculations based on the data in Tables II and III indicate that a single 
gene governs the reactions to all three races. The fit toa 1:2: 1 ratio was 
unsatisfactory in all cases, but quite satisfactory from the standpoint of a 3: 1 
ratio. On this latter basis P values of 0.20 and 0.10 for races 7 and 7A 
respectively were obtained when the resistant and segregating classes were 
combined (Table I1) and a P value of 0.50 for race 8 when the susceptible and 
segregating classes were combined (Table II1). The data in this table show a 
deficiency of lines in the susceptible class which is probably the result of errors 
in classification. 


R.L. 1225 K Ajax 


R.L. 1225 is resistant to races 1, 2, 3, 4, 5, 6, 7, 8, 10, 11, 12, and 13, but is 
susceptible to race 7A, while Ajax is resistant to races 1, 2, 3, 5, 7, 7A, and 12. 
Seventy-four random F; lines were inoculated with race 7A. Of this number 
15 were resistant, 44 were segregating, and 15 were susceptible. On the basis 
ofa1:2: 1 ratio, a P value of 0.50 indicates a good agreement with a single- 
factor hypothesis. 

As a preliminary study to compare the reaction of the lines to race 7A with 
those to other races, 12 lines, four from each of the above three rust reaction 
classes were inoculated with races 2, 7, 6, and 8. Lines that gave a resistant 
or segregating reaction to race 7A gave similar reactions to races 2 and 7, but 
gave different reactions to races 6 and 8. These lines gave either a resistant, 
segregating, or susceptible reaction to each of the two latter races. Lines that 
gave a susceptible reaction to race 7A, on the other hand, gave either a resistant 
reaction to all four races or a segregating reaction to all of them. Lines 
susceptible to all races were not observed in this cross, possibly because too 
few lines were tested. Later, all of the above-mentioned lines in which there 
was sufficient seed, in addition to 12 other lines, were inoculated with races 
1,5, 10, 11, and 13. The data for the 24 lines are given in Table IV. These 
data show that the reactions to races 1 and 5 are the same as those obtained 
previously for 2 and 7, while the reactions to races 10, 11, and 13 are similar 
to those for races 6 and 8. 

It is apparent that the reaction to races 1, 2, 5, and 7 is inherited in a different 
manner from that to races 6, 8. 10, 11, and 13 and that the reaction to race 7A 
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TABLE IV 


REACTION OF F; LINES OF THE R.L. 1225 & AJAX CROSS TO RACE 7A AND TO NINE OTHER RACES 


ant Races of stem rust 
vie 7A 1 2 5 7 6 8 10 11 13 

R.L. 1225 Ss R R R R R R. R R R 

Ajax R R R R R Ss Ss Ss Ss Ss 
226 R R R R R Seg Seg Seg Seg Seg 
264 R R R R R R R R R R 
317 R R R R R Seg Seg Seg Seg Seg 
321 R R R R R Ss Ss Ss 
253 R R R Seg Seg — 
316 R R R Seg Seg — _ 
225 Seg Seg Seg Seg Seg Ss Ss Ss 
244 Seg Seg Seg Seg Seg Seg Seg Seg Seg Seg 
248 Seg Seg Seg Seg Seg Ss Ss Ss Ss Ss 
314 Seg R R Seg R Seg Seg Seg Seg Seg 
324 Seg Seg Seg Seg R Seg Seg Seg Seg Seg 
220 Seg Seg — Seg Ss Ss - 
222 Seg R Seg R R 
224 Seg _ See — Seg Seg Seg — _ _ 
285 Seg _ R _ R Seg Seg — _ _ 
303 Seg R R R R 
256 Ss R R R R R R R R R 
268 Ss Seg Seg Seg Seg Seg "Seg Seg Seg Seg 
302 Ss R R R R R R R R R 
310 ) Seg Seg Seg Seg Seg Seg Seg Seg Seg 
230 Ss Seg — Seg Seg Seg — 
271 Ss Seg — Seg Seg Seg — 
281 Ss -- Seg — Seg Seg Seg — —_ —_ 
319 Ss Seg — Seg Seg Seg — 


is independent of that to the other races. Although races 3, 4, and 12 were 
not available for testing, it is assumed that races 3 and 12 belong in the first 
group of races and race 4 in the second group. This assumption is based 
on the fact that all varieties (Table I) that are resistant to races 1, 2, 5, and 7 
are also resistant to races 3 and 12, and that all varieties resistant to races 6, 
8, 10, 11, and 13 are also resistant to race 4. The data further indicate that 
the resistance of R.L. 1225 to races 1, 2, 3, 5, 7, and 12, and the resistance of 
Ajax to the same races is controlled by different genes. This assumption is 
based on: (i) the fact that although both parents are resistant to races 1, 2, 3, 
5,7, and 12, segregation occurred in lines inoculated with them, indicating that 
separate genes are operative, and (ii) the fact that Ajax has resistance to race 7A 
in addition to races 1, 2, 3,5, 7, and 12, whereas R.L. 1225 is susceptible to 
race 7A. The close relationship between the reaction to race 7 and race 7A 
in the 3003 F X Exeter cross (Table II) is evidence that the resistance to 
those two races in that cross is controlled by the same gene. However, the 
theory of two very closely linked genes must not be overlooked. 
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It is assumed, therefore, that there are three genes for resistance in the 
cross R.L. 1225 & Ajax: a gene A for the Ajax resistance to races 1, 2, 3, 5, 7, 
7A, and 12; a gene B for the R.L. 1225 resistance to races 1, 2, 3, 5, 7, and 12; 
and a gene C for the R.L. 1225 resistance to races 4, 6, 8, 10, 11, and 13. Line 
321 appears to have the A gene for resistance, line 285 the B gene, and lines 
256 and 302 the B and C genes. Line 264 is resistant to all races and is there- 
fore considered to have all three genes. 


Garry X Roxton 


Garry is resistant to all races and Roxton to races 1 and 11, a resistance 
it obtained from the Joanette parent. One hundred and forty-three random 
F; lines were inoculated with race 7A. There were 33 lines classed as resistant, 
70 as segregating, and 40 as susceptible. A P value of 0.50 suggests a very 
good fit toa 1:2: 1 ratio. 

Eight lines classed as resistant to race 7A and 13 classed as susceptible to 
this race were inoculated with all other available races, namely 1, 2, 5, 6, 7, 8, 
10, 11, and 13. Because of an insufficient amount of seed, lines 8, 53, and 55 
were not inoculated with all of the above mentioned races. The data are 
given in Table V and with one exception are similar to the results for the 


TABLE V 


SEEDLING REACTION OF F; LINES TO RACE 7A AND TO NINE OTHER RACES IN THE 
GARRY X ROXTON CROSS 


| Races of stem rust 


Parents and 

7A 1 2 5 7 6 8 10 13 
Garry R R R R R R R R R 
Roxton Ss R Ss Ss Ss Ss Ss R 
8 R _ R R Seg Seg Seg — —_— 

20 R R R R Seg Seg Seg Seg Seg 
53 R R R Ss Ss Ss Ss 
59 R R R R R Ss Seg S Ss Ss 
61 R R R R R R R R R R 

63 R R R R R Seg Seg Seg Seg Seg 
64 R R R R R R R R R R 
2 Ss R R R R R R R R R 

6 Ss Seg Seg Seg Seg Seg Seg Seg Seg Seg 

9 Ss Seg Seg Seg Seg Seg Seg Seg Seg’ Seg 
14 S R R R R R R 

28 S Seg Seg Seg Seg Seg Seg Seg Seg Seg 
32 Ss R R R R Seg R R R R 
39 S R R R R R R R R R 
41 LS R R R R R R R R R 

47 Ss Seg Seg Seg Seg Seg Seg Seg Seg Seg 
130 | Seg S s s Ss Ss s Seg S 
141 Seg S Ss Ss Ss Ss Seg S 
149 S Seg S Ss Ss Ss Ss Ss Ss 
155 | s Seg S s « s s 
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R.L. 1225 & Ajax cross in Table 1V. The exception is the presence of four 
lines that are susceptible to all races, except races 1 and 11. These lines gave 
a segregating reaction to race 1 in which approximately one seedling out of 
10 was resistant. Two of the lines gave a similar reaction to race 11, while 
two of them gave a susceptible reaction to this race. The failure of these 
latter two lines to show segregation is probably the result of too few seedlings 
tested. Races 1 and 11 are the two races to which Roxton is resistant and 
therefore the reaction of the four lines to them is assumed to be conditioned 
by the gene or genes carried by that variety. 

Apart from the above mentioned results, the similarity of the data in 
Table V with those in Table IV, indicate that the same three genes, A, B, and 
C are also operative in this cross. In this cross, however, Garry contains all 
three genes. Furthermore, it is assumed that the gene or genes carried by 
Roxton for resistance to races 1 and 11 are hypostatic to genes A, B, and C 
as they were effective only in the four lines that were susceptible to the other 
races (Table V). 


R.L. 1574 X Roxton 

R.L. 1574 is resistant to all races and Roxton to races 1 and 11. Seven 
advanced generation lines were inoculated with all races. The data are given 
in Table VI. Three lines, R.L. 2105, R.L. 2114, and R.L. 2124, were resistant 
to race 7A; two lines, R.L. 2120 and R.L. 2123, were segregated; and two lines 
R.L. 2115 and R.L. 2116, were susceptible. All seven lines were resistant to 
the other 12 races which is evidence that in this cross the reaction to race 7A 
is independent of the reaction to the other races. 


Discussion 


Earlier work (3) had shown that the variety Hajira contained two types of 
stem rust resistance: (i) the type sometimes referred to as the Richland type 
of resistance, effective against races 1, 2, 3, 5, 7, and 12, and (ii) the type 
referred to by Kehr et a/. (2) as the “‘Canadian type”’ of rust resistance. The 
latter was effective against all the races known to occur in North America 
prior to the discovery of race 7A. In the present study, race 7A has proved a 
a tool by means of which it was possible to prove that the latter type of 
resistance is not a unit but is made up of two elements: (i) a type of resistance 
effective against the known races including race 7A (as in Garry and R.L. 
1574) and (ii) a type of resistance effective against the known races except 7A 
(as in Canuck and R.L. 1225). Both types of resistance were presumably 
present in the variety Hajira. 

The probable relation of the resistance factors derived from the variety 
Hajira to the known races of oat stem rust (except race 9 which was not 
available for study) is shown in Table VII. Of the three resistance genes 
postulated earlier in the text, gene A appears to be inherited independently 
of genes B and C. There is, however, some evidence that genes B and C 
may be associated in inheritance as is indicated, for example, by the second 
group of hybrid lines in Table V. It may be that gene C confers resistance not 
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TABLE VI 
REACTION OF ADVANCED GENERATION LINES OF THE R.L. 1574 X ROXTON CROSS TO RACE 7A Fe 
AND TO TWELVE OTHER RACES 
Paséateand Races of stem rust 
2 5 3 7 12 4 6 8 2 
R.L. 1574 R R R R R R R R R R R R R 
Roxton s R Ss s s s s s ~ R s 
R.L. 2105 R R R R R R R R R R R R R 
R.L. 2114 R R R R R R R R R R R R R 
R.L, 2124 R R R R R R R R R R R R R 
R.L. 2120 Seg R R R R R R R R R R R R 
R.L, 2123 Seg R R R R R R R R R R R R 
R.L. 2115 Ss R R R R R R R R R R R R 
R.L. 2116 Ss R R R R R R R R R R R R 
TABLE VII 
REACTIONS OF CERTAIN OAT VARIETIES TO RACES OF STEM RUST AND CORRESPONDING 
HYPOTHETICAL GENES A, B, C, CONDITIONING THESE REACTIONS 
Races 
Variety 
7 4 ¢ 8 10 11 
Ajax RRR RR Ss S §S Ss S 
Richland 
Green Russian A 
Hajira Sel. 
Canuck 2 2 R 
R.L. 1225 L J 
Rodney B 
Hajira Sel. 
Garry R R RR RRR 
R.L. 1574 L J 
Hajira Sel. 
| R R R R R | 
B 
R R R R RR | 
Cc 
R = Resistant. S = Susceptible. 
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TABLE VIII 
GENETICAL INTERPRETATION OF CROSS R.L. 1225 K AJAX 
Parents oud Races of stem rust 
Fe lines 7A ‘26 3 6 8 10 1 13 
aa 
R..L.. 1225 . 
BB cc 
S R R R R R 
AA cc 
Ajax 
R x & R s & & & 
AA 
264 
BB (or Bb, bb) 
R R28 R R R R (like Garry) 
AA Ce 
317 
R x & R R Seg Seg Seg Sez Seg 
AA cc 
321 
R R R R R S S S_ S_ S§& (like Ajax) 
Aa 
303 
BB CE 
Seg - R - R RR-- 
Aa 
244 
Bb Ce 
Seg Seg Seg Seg Seg Seg Seg Seg Seg Seg 
Aa 
248 
Bb cc 
Seg Seg Seg Seg Seg &$ & S 
aa 
256 
BB cc 
S RR R R R Ri R (like R.L. 1225) 
aa 
268 
Bb Cc 
S Seg Seg Seg Seg Seg Seg Seg Seg Seg 
The symbols R, S, Seg, represent the reactions of the parents and F; lines to rust races; 1.e., 
R (resistant), S (susceptible), Seg (segregating). 
The three genotypes governing varietal reaction are represented by the letters AA, BB, and CC. 
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only to races 4, 6, 8, 10, 11, and 13 but also to the race groups against which 
gene B is effective, namely 1, 2, 5, and 3, 7,12. This possibility is implied by 
the dashed lines in Table VII. 

In the cross R.L. 1225 & Ajax (Table IV) it will be noted that despite the 
resistance of both parent varieties to races 1, 2, 5, and 7 there appeared in F; 
some lines that segregated for resistance and susceptibility. This is evidence 
that the two parent varieties possessed different genes for rust resistance. 

Looking at the plant breeding problem discussed in this paper from the 
point of view of the probable genotypes in stem rust it appears that races 
1, 2, 3, 5, 7, and 12 contain pathogenicity genes that are ineffective against 
host genes A or B. Races 4, 6, 8, 10, 11, and 13 contain genes effective against 
host gene A. Race 7A lacks genes effective against host gene A but possesses 
genes effective against host genes B and C. 

In the absence of appropriate crosses between rust races there is no present 
information on the combinability of the rust genes, but there seems to be no 
a priori reason why the pathogenicity genes of say race 6 and race 7A might 
not combine to produce a new race. 

Such a race would have the ability to attack Ajax, which possesses gene A 
only, and Canuck which possesses genes B and Conly. It presumably would 
not attack Garry and similar yarieties that contain genes A, B, and C. The 
occurrence of biotypes capable of attacking these latter varieties is always a 
possibility, but that would involve pathogenic capabilities not known to exist 
in races thus far studied. 

Table VIII shows the genetical interpretation of the cross R.L. 1225 & Ajax 
on the basis of the three-gene hypothesis. As would be expected in a limited 
study such as this, the possible genotypes were not all found in the F: plants 
identified by F; studies. However, the results of all of these F; studies agreed 
with the three-gene hypothesis presented here. 


References 


1. Gorpon, W. L. and WeEtsu, J. N. Oat stem rust investigations in Canada. Sci. Agr. 13: 
228-235. 1932. 

2. Kener, W. R., Hayes, H. K., Moore, M. B., and StaAKMAN, E. C. The present status of 
breeding rust resistant oats at the Minnesota station. Agron. J. 42 : 356-359. 1950. 

3. Wetsu, J. N. and Jounson, T. The source of resistance and the inheritance of reaction to 
12 physiologic races of stem rust, Puccinia graminis avenae (Erikss. and Henn.). 
Can. J. Botany, 29: 189-205. 1951. 


. 
| 
é 
t 
‘a 
4 
| 
| 
& 
4 


358 
STUDIES IN PLANT MINERAL NUTRITION 


I. AN INVESTIGATION INTO THE CAUSE OF GRAY SPECK 
DISEASE OF OATS! 


By W. Leacu,? Ruta BuLMAN,’ AND JOHANNA KROEKER* 


Abstract 


A series of experiments were carried out over a period of three years in which 
plants of Avena sativa var. Tama were grown in nutrient solutions which provided 
variations in iron and manganese concentrations, calcium concentration, and 
pH. The experiments were conducted under a wide range of growing conditions 
as regards light intensity and temperature control. The aim of the work was to 
furnish information regarding the factors associated with the development of 
the symptoms of gray speck disease. The experimental results indicated that 
under otherwise favorable culture conditions, manganese deficiency alone will 
produce gray speck symptoms. Inoculation of the cultures with root material 
from plants bearing gray speck symptoms had no effect whatever on the incidence 
of the disease. Variations in the pH of the culture solutions did not affect the 
development of gray speck symptoms, but the symptoms appeared later in 
cultures containing a high concentration of calcium than in cultures containing 
a low concentration of this metal. 


Introduction 


Gray speck disease of oats is of wide occurrence, being prevalent in Europe, 
including Britain, in America, and in Australia. The disease is characterized 
by the appearance of grayish colored spots on the leaves of the infected plants. 
These necrotic spots which occur chiefly on the basal halves of the leaves 
gradually increase in size until they extend right across the leaf blades. The 
symptoms usually appear when the oat plants have developed to the third 
or fourth leaf stage. As the spots become larger, the color changes to yellow, 
so that in advanced infection the yellow color extends over considerable areas 
of the leaves. The development of these necrotic areas causes the terminal 
portions of the leaf blades to fall over and eventually turn brown and die. 
Severely affected plants are often stunted and short-lived. When the attack 
is relatively mild, flowers and grain in reduced quantity may be formed. 

A considerable amount of research aimed at determining the cause of gray 
speck has been carried out by a number of workers but so far no conclusive 
results have been achieved. 

The outcome of this research is that two theories have been put forward 
to account for the incidence of the disease. The first of these theories, which 
is supported by the findings of a number of investigators (8, 9, 11, 14), main- 
tains that gray speck symptoms are caused directly by manganese deficiency. 
The second theory, which was put forward by Gerretsen (1, 2), claims that 
manganese deficiency operates indirectly by rendering the roots of the oat 
plant susceptible to infection by microorganisms which are the actual cause of 
the disease. 


1 Manuscript received October 30, 1953. 
Contributions from the Department of Botany, University of Manitoba, Winnipeg, Man. 
With financial assistance from the National Research Council of Canada. 
2 Professor of Botany, University of Manitoba. 
Research Assistant. 
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a 
= 


LEACH ET AL.: PLANT MINERAL NUTRITION 359 


In 1928 and 1929, Samuel and Piper (8, 9) carried out water culture experi- 
ments with Algerian oats. They produced typical gray speck symptoms in 
plants grown in culture solutions from which manganese was absent. On the 
other hand, cultures containing one part of manganese in 10 million produced 
plants which showed no gray speck symptoms. Twyman (14) in 1943, also 
using the water culture technique, and Hageman (4) and his co-workers in 
1942 using sand culture methods, produced gray speck in oat plants when 
deprived of manganese. Somers and Shive (12) in 1942, working with soy 
beans, demonstrated the fact that for healthy development the ratio of soluble 
iron to soluble manganese in the plant must lie within relatively narrow limits. 
Following on this work Twyman (15) in 1951 found that oat plants, grown in 
water culture with low manganese supply, produced gray speck symptoms 
more readily when the iron to manganese ratio in the culture solution was high 
than when it was low. 

Gerretsen (1, 2), in 1937, disagreed with the view that gray speck is the direct 
effect of manganese deficiency. He drew attention to an observation made by 
Lundegardh (7) in 1932 that the manganese content of healthy plants could 
be lower than that of diseased plants. Gerretsen sterilized, by treatment with 
formalin, a soil on which a crop of oat plants had grown and developed gray 
speck symptoms. A subsequent crop of oat plants grown on this sterilized soil 
showed no gray speck. The sterilized soi], on the other hand, when inoculated 
by the addition of 10%-of the original unsterilized soil, produced a crop of 
gray speck affected oats. Gerretsen claims to have produced similar results 
by similar treatment in both sand and water culture experiments. As a result 
of his experiments, he put forward the view that gray speck symptoms are 
related to the infection by microorganisms of the roots of the oat plant and 
that the susceptibility of the roots to parasitic infection is caused by deficiency 
in the supply of manganese. 

It was for the purpose of throwing further light on the cause of gray 
speck disease, and if possible to determine which of the two theories outlined 
above is the correct one, that the experiments described in this paper were 
carried out. 


Materials and Methods 


Experimental Plants 
Oat plants, Avena sativa var. Tama, were grown from seed provided by 
Dr. W. H. Hagborg of the Dominion Laboratory of Plant Pathology, Winnipeg. 
This variety of oat is known to be susceptible to gray speck disease and the 
seed used was from material grown on experimental plots at Oak Bank, Man., 
in 1949. The crop received no field treatment and showed severe symptoms of 
the disease. 


Analyses of a sample of this seed showed an iron content of 0.063 mgm. 
and a manganese content of 0.0023 mgm., both per gram of dry material. 
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Reagents 


High purity distilled water was used throughout the culture experiments. 
This water, after a volume of two liters was evaporated down to 25 ml., con- 
tained no detectable amounts of either iron or manganese. B.D.H. Analar 
or Fisher T.P. chemicals were used in the culture solutions and repurification 
procedures as described by Stout and Arnon (13) were carried out with the 
solutions containing the macro elements in all cases. This purification proce- 
dure was always duplicated with the result that all detectable traces of iron 
and manganese were eliminated from the solutions. 


Culture Solutions 


Culture solutions were made up from repurified 0.5 M stock solutions of 
the major nutrients. The three solutions used in the course of the work 
are given in Table I. Manganese was supplied as manganese sulphate 
(MnSO,(No;)2:4H:O) and iron either as ferrous sulphate (FeSO,.7H2O) or 
as iron humate, the latter being prepared in the manner described by Horner, 
Burke, and Hoover (5). The humate was found to be the most satisfactory 
source of iron for culture solutions owing to the fact that inorganic compounds 
of the metal became rapidly oxidized and consequently insoluble, so that the 
iron was nonavailable to the experimental plants. 

Minor elements were added to all the culture solutions giving concentrations 
of boron, 0.5 p.p.m.; zinc, 0.05 p.p.m.; copper, 0.02 p.p.m.;and molybdenum, 
0.05 p.p.m. 


TABLE I 
Milliliters of 0.5 M stock per liter of nutrient solution 
Salt 

Solution A Solution B Solution C 
K.SO, 1.63 
K,HPO, 4.60 1.16 1.67 
Ca(NOs3)2 4H2O 9.00 9.00 7.15 
MgSO, - 7H,0 4.60 4.60 4.4 
(NH,4)2SO, 1.40 1.40 


After the solutions were made up, the pH was adjusted to the required value 
by the addition of nitric acid or potassium hydroxide. 

In the course of the experimental work, Solution A was used in Experiments 
1 and 3, Solution B was used in Experiment 2, and as all three solutions 
appeared to be equally satisfactory, Solution C was used in Experiment 4 and 
in subsequent experiments except Experiment 12. 

In Experiment 12, where two levels of calcium were required, the major 
elements were provided as shown in Table II; minor elements, except iron and 
manganese, were added as already described. In these two solutions, the 


a 
|| 
rors 
| 
| 


LEACH ET AL.: PLANT MINERAL NUTRITION 


TABLE II 


CULTURE SOLUTIONS USED IN EXPERIMENT 12 
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Salt 


Low calcium solution, 
gm. per liter 


High calcium solution, 
gm. per liter 


Ca(NO3)2 
NaH2,PO, H.O 
KNO; 

NaNO; 
Mg(NQOs3)2 - 6H2O 
NasSO, 10H.O 
MgSO, 
K.SO; 


0.250 
0.156 
0.214 
0.037 
0.320 
0.320 


essential elements were, except for calcium, as far as possible similar in con- 
centration. The major variant was the generally considered nonessential 
metal, sodium. 

The concentration of these essential major elements and in addition the 
concentration of sodium in the two culture solutions is given in Table III. 


TABLE III 

“oe Low calcium solution | High calcium solution 

Element concentration, p.p.m. | concentration, p.p.m. 
Calcium 42 143 
Nitrogen 101 100 
Potassium 83 83 
Phosphorus 35 35 
Magnesium 30 30 
Sulphur 32 40 
Sodium 74 26 


Culture Methods 


In the culture experiments the experimental plants were supported over 
600-ml. pyrex beakers containing the culture solutions. Aeration was 
provided by bubbling air through the solutions and the beakers were covered 
with black paper to prevent the growth of algae. In the earlier stages of the 
investigation the experiments were carried out near a window in the laboratory. 
Throughout the winter supplementary lighting was provided by fluorescent 
electric lights. At this time of the year, however, temperature and illumina- 
tion conditions were often far from optimum, with the result that the plants 
in these experiments were in a very poor state of nutrition. In experiments 
carried out in the laboratory during the summer months, the plants were in 
much better condition. It was not, however, until greenhouse facilities 
became available during the final stages of the work that experimental condi- 
tions could be controlled sufficiently to ensure satisfactory growth. 
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The plants used were obtained by germinating seeds either on pure quartz 
sand previously washed with nitric acid and distilled water, or in dishes on 
ashless filter paper. The seedlings were supplied during development with 
distilled water only, and when they were from 4 to 6 in. tall the endosperms 
were removed and the young plants transferred (six to a 600-ml. beaker) to the 
prepared culture solutions. 


Analytical Methods 

Plant material to be analyzed after drying at 100° C. was ground in a syn- 
thetic sapphire mortar and ashed in silica crucibles at a temperature between 
550° C. and 590°C. The temperature of 450° C. often recommended, was 
found to be too low for complete oxidation of carbonaceous material. The 
ash was dissolved in nitric acid and iron and manganese contents determined 
colorimetrically with a Coleman Model 14 Spectrophotometer. The methods 
used for developing the appropriate colors used were the o-phenanthroline for 
iron and the periodate for manganese. The techniques followed were essen- 
tially those described by Sandell (10). 


Experimental Results 


Experiments 1 to 7 (Oat Plants Grown in Culture Solutions Containing Various 
Concentrations of Iron and Manganese) 

In this series of experiments, as already mentioned, the first six were set up 
near windows in the laboratory. They were conducted over the period 
extending from November 1949 to July 1951. A number of concentration 
ratios of iron to manganese in the culture solutions were provided, the most 
extreme being 10 p.p.m. of iron and no manganese. Three of these experiments 
were carried out during winter and early spring months when growth con- 
ditions, particularly light intensity, in spite of supplementary fluorescent 
illuminations, were very unsatisfactory. The plants were stunted and in 
poor condition, but none, even those which received no manganese, showed 
any sign of gray speck symptoms. In Experiment 4, which was conducted 
during the months of June and July when light and temperature conditions 
were better, the experimental plants were still poorly developed and none 
developed gray speck symptoms. 

Experiments 5 and 6, carried out during the periods May to June and 
August to September respectively, produced healthier and sturdier plants. 
In Experiment 5, of the 12 plants receiving no manganese, six developed gray 
speck, while six showed no symptoms!. In Experiment 6, all the plants 
deprived of manganese developed gray speck symptoms, while those growing 
in culture solutions containing no more than 1 p.p.m. of manganese were quite 
healthy. 

Experiment 7 was conducted in a greenhouse and consisted of three groups, 
each comprising 10 plants, the groups being respectively supplied with iron— 


_ 1 The results of analyses seemed to indicate that the healthy plants in this experiment con- 
tained sufficient manganese to prevent the development of the disease. 
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manganese concentrations of 5: 2-5, 5:1, and 5:0 p.p.m. Well developed 
plants were produced in this experiment and all those receiving no manganese 
developed gray speck, the rest showed no signs of the disease symptoms. 
Further, contrary to the findings of Gerretsen, the roots of the gray speck 
affected plants were well developed and healthy. 

It may be further added that in none of the seven experiments was it 
possible to detect that the iron—manganese concentration ratio in the culture 
solutions had any influence on the incidence of the disease, absence of man- 
ganese from the solutions being the significant factor. 


Experiments 8 and 9 (Inoculation Experiments) 


These experiments were carried out in order to test Gerretsen’s (1, 2) view 
that bacterial infection of the roots was a contributory factor in the production 
of the disease. In these experiments all the culture solutions were inoculated 
with small quantities of root material from field grown gray speck affected 
oat plants. The experiments were conducted respectively at the same times 
and under identical conditions as Experiments 6 and 7. Experiment 6 was 
thus the noninoculated control for Experiment 8 and Experiment 7 was 
similarly the control for Experiment 9. The presence or absence of the 
root inoculum had no effect whatever on the production of the disease 
symptoms. Just as in Experiments 6 and 7, the omission of manganese from 
the culture solutions of Experiments 8 and 9 resulted in a development of 
gray speck in all the experimental plants. The presence of manganese in a 
concentration as low as 1.0 p.p.m. in all cases prevented the appearance of 
the disease. 


Experiments 10 and 11 (Oat Plants Grown in Culture Solutions of Different pH) 

These experiments were carried out for the purpose of finding out whether 
variations in the pH of the culture medium has any effect on the incidence 
of gray speck. 

Ten-day-old oat seedlings were set up in culture vessels as already described. 
Culture Solution C (see p. 360) was used. Except in the case of three control 
cultures for each experiment, no manganese was supplied but humate iron was 
added giving an iron concentration of 5 p.p.m. The controls contained a 
manganese concentration of 2 p.p.m. In both experiments the cultures were 
divided into three groups, the pH of each group being adjusted respectively by 
the addition of potassium hydroxide or nitric acid to pH 4.5, pH 6.0, and 
pH 7.5. During the experiments the solutions were tested every day and 
where necessary the pH was readjusted to the above mentioned values. It 
was found that the pH of the pH 4.5 group tended to rise and that of the pH 
7.5 group tended to fall while the pH 6.0 group usually remained unchanged. 
After 18 days the culture solutions in both experiments were renewed. 

On the ninth day in both experiments, plants which had received no man- 
ganese in all groups showed gray speck symptoms and by the 20th day in 
Experiment 10 and the 25th day in Experiment 11, all the plants had developed 
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the disease. All the control plants which had received manganese remained 
healthy. No significant differences in the rates of appearance of the disease 
were observed in either experiment as a result of pH difference. Root develop- 
ment was good in all cultures and appeared to be a little more profuse at pH 
7.5 than at pH 4.5. ' 


Experiment 12 (Oat Plants Grown in Culture Solutions of Different pH and 
Different Calcium Concentrations) 

This experiment, which was carried out under greenhouse conditions, was 
designed to test the combined effect of pH and calcium level in the culture 
solutions on the development of gray speck symptoms. 

Two groups of cultures were prepared containing respectively calcium con- 
centrations of 42 p.p.m. and 143 p.p.m. All the cultures contained 5.0 p.p.m. 
of iron in humate form and no manganese except the controls which received 
2.5 p.p.m. of this metal as manganese sulphate. One-half of the cultures in 
each group was maintained throughout the experiment at pH 4.5 and the other 
half at 6.5. The compositions of the culture solutions are given in Tables II 
and III (see p. 361). One-week-old Tama oat seedlings were set up in 
these culture solutions, six seedlings to each culture vessel. In each of the 
four sets there were seven culture vessels each containing six plants. Six 
cultures in each set contained no manganese, the seventh control culture con- 
tained, as already mentioned, 2.5 p.p.m. of manganese. 

Table IV shows the rate at which gray speck symptoms appeared in the four 
sets of cultures. In the cultures containing no manganese all surviving 
plants had developed gray speck by the 23rd day of the experiment. In the 
cultures containing 2.5 p.p.m. of manganese all the plants remained quite 
healthy. 

It will be seen from the results of this experiment as set out in Table IV that 
calcium level and pH did not affect the ultimate appearance of gray speck 


TABLE IV 


EXPERIMENT 12. RATE OF DEVELOPMENT OF GRAY SPECK SYMPTOMS ON TAMA OAT PLANTS 
GROWING IN CULTURES AT HIGH AND LOW pH AND WITH HIGH AND LOW CALCIUM CONTENTS 


Ca. 42 p.p.m. Ca. 143 p.p.m. 
Days from 
start of No. of diseased plants 
experiment 
pH 6.5 pH 4.5 pH 6.5 pH 4.5 

16 7 3 1 —_ 
17 27 12 + 1 
18 36 31 8 2 
21 --- 34 19 33 
23 — 36 36 36 
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symptoms in oat plants grown without a supply of manganese. All the sur- 
viving manganese-starved plants contracted the disease while all the control 
plants which were supplied with manganese remained healthy throughout the 
experiment. Calcium level, however, did affect the rate at which gray speck 
symptoms appeared. There was a definite tendency of these symptoms to 
appear earlier in the low calcium cultures than in the high calcium cultures; 
pH again did not seem to have any significant effect on the incidence of the 
disease. 


Analytical Data 


In the course of the work described a considerable number of analyses were 
carried out for iron and manganese content in the shoot systems of the experi- 
mental plants. It was found that in no case did the shoots of plants showing 
gray speck symptoms contain more than 0.01 mgm. of manganese per gram 
of dry material, and frequently the amount present of this metal was too small 
to be detected by the colorimetric method used. 


TABLE V 
ANALYSES OF THE LEAVES OF FIELD GROWN TAMA OAT PLANTS EXHIBITING SYMPTOMS OF GRAY 
SPECK 
Wt. of ash Mgm. of Fe Mgm. of Mn 
Treatment per gram per gram per gram 
dry material dry material dry material 
Plot 7 
Fe GR 0.150 0.375 0.007 
Plot 3 
Fe GR 0.147 0.230 0.007 
Plot 15 
Fe GR 0.135 0.145 0.006 
Plot 19 
Fe GR 0.146 0.138 0.009 
Plot 11 
H.0 0.134 0.200 0.008 
Plot 8 
2 0.137 0.165 0.010 
Plot 16 
H.,0 0.135 0.362 0.007 
Plot 2 
2! 0.148 0.143 0.008 
Plot 12 
Mn 0.131 0.128 0.012 
Plot 18 
Mn 0.128 0.107 0.013 
Plot 1 
Mn 0.136 0.185 0.012 
Plot 6 
Mn 0.134 0.140 0.012 
Plot 10 
Mn GR 0.116 0.135 0.014 
Plot 13 
Mn GR 0.135 0.038 0.014 
Plot 5 
Mn GR 0.127 0.125 0.010 
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Of further interest in this respect are the analyses figures obtained for some 
plant material supplied by Dr. W. Hagborg of the Dominion Laboratory of 
Plant Pathology, Winnipeg, from field experiments on the control of gray 
speck disease. 

These were plot experiments carried out with Tama oats near Oak Bank, 
Man., in 1949. The location is a gray speck disease area with neutral black 
soil. 

The field was divided into plots, each plot receiving treatment with iron, 
manganese, or water. The plots receiving manganese were sprayed with a 
0.65% commercial manganese sulphate spray. Those receiving iron were 
sprayed with an equivalent amount of a ferrous sulphate spray. The remain- 
der of the plots received water only. The plants were sprayed on June 15 
and cut on July 19. All the plants exhibited symptoms of gray speck. 

In some cases the plots were sprayed with the manganese sulphate spray 
only; in others, the manganese was applied with a VL 600 latex (Goodrich) 
solution spreader. The iron was always applied with this spreader. 


TABLE VI 


ANALYSES OF THE STEMS OF FIELD GROWN TAMA OAT PLANTS EXHIBITING SYMPTOMS OF GRAY 


SPECK 
Wt. of ash Mgm. of Fe Mgm. of Mn 
Treatment per gram per gram per gram 


dry material dry material dry material 


Plot 19 
Fe GR 0.085 0.025 0.002 

Plot 16 
0.078 0.025 0.003 

Plot 13 
Mn GR 0.082 0.019 0.005 

Plot 12 
Mn 0.067 0.015 0.004 

TABLE VII 


ANALYSES OF THE SEED OF FIELD GROWN TAMA OAT PLANTS EXHIBITING SYMPTOMS OF GRAY 


dry material 


dry material 


SPECK 
Wt. of ash Mgm. of Fe Mgm. of Mn 
Treatment per gram per gram per gram 


dry material 


Plot 19 

Fe GR 0.047 0.037 0.017 
Plot 16 

Ty 0.047 0.042 0.006 
Plot 13 

MnG 0.044 0.041 0.014 
Plot 12 

Mn 0.044 0.047 0.019 
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Analyses of the leaves for iron and manganese were carried out for all the 
samples, as shown in Table V. The seed and stems of four samples were 
analyzed also for iron and manganese, as shown in Table VI and Table VII. 

In the three tables, plots sprayed with manganese sulphate only are desig- 
nated as Mn; those sprayed with manganese sulphate and the spreader are 
designated as Mn GR;; those sprayed with ferrous sulphate and the spreader 
are designated as Fe CR; and those receiving water only are designated as H,0. 

From these figures it will be noted that the manganese content of the leaves 
of the gray speck infested plants never exceeded 0.014 mgm. per gram of dry 
material, irrespective of the method of spray treatment used. 


Discussion 


The evidence provided by the experimental work described in this paper 
seems to point conclusively to the fact that gray speck disease of oats is a 
condition attributable to manganese deficiency. The results described agree 
with those obtained by a number of previous workers who employed similar 
experimental methods. 

The inoculation experiments described (Experiments 8 and 9) offer no 
support whatever to Gerretsen’s (1, 2) view that bacterial infection of the 
roots of the plants is a causal factor of the disease. In fact the results of these 
experiments seem to indicate very strongly that bacterial infection plays no 
direct part in the incidence of gray speck. 

The results of Experiments 10, 11, and 12 are interesting in relation to the 
findings of a number of investigators who used field experiments (3, 6, 11). 
In the field gray speck appears to be most prevalent on soils of high lime 
content and high pH, especially if the amount of organic matter present is 
high. The water culture experiments here described indicate that pH as 
such has no effect on the development of the disease. Calcium supply, while 
not effecting the ultimate appearance of gray speck, may influence the rate of 
development of the symptoms. Here again, the disease appears more rapidly 
under conditions of low calcium supply than under that of high calcium supply. 
This is at variance with what happens when the oat plants are growing in 
soil. It would thus appear that soil conditions do not operate directly on 
the plants as far as the production of gray speck is concerned. On the other 
hand, it seems certain that both the mineral constitution and the microflora of 
the soil play vital parts in determining the availability of manganese thus 
indirectly being responsible for the appearance or nonappearance of the disease. 
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